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Abstract 


The  low  temperature,  high  pressure  phase  of  solid 
acetic  acid  has  been  studied  using  X-ray  and  infrared 
techniques.  The  pressure- temperature  phase  diagram  of 
acetic  acid  has  been  measured  between  0  and  -40°C  to 
3  Kbar  using  volume  discontinuity  as  the  indicator  of  the 
pressure  at  which  the  phase  transition  occurred  at  a 
certain  temperature.  The  equilibrium  transition  pressure 
is  given  as  the  average  of  the  pressures  required  for  the 
acetic  acid  I  -*  1 1  and  acetic  acid  1 1  I  transitions. 

It  was  found  that  acetic  acid  II  cannot  be  formed  from 
acetic  acid  I  below  about  800  bar,  even  though  it  appears 
to  be  the  stable  phase  at  one  atmosphere  below  about  -60°C 
However,  once  it  is  formed,  acetic  acid  II  is  metastable 
at  one  atmosphere  below  about  -35°C.  The  acetic  acid 

3 

I  1 1  transition  is  accompanied  by  a  0.014  cm  /g  decrease 
in  volume. 

The  X-ray  diffraction  pattern  of  powdered  acetic 
acid  II  has  been  obtained  and  indexed  on  a  monoclinic  cell 


with  the  dimensions:  a  =  13.30  t  0.02  A,  b  =  10.39  -  0.01 
A,  c  =  8.59  i  0.01  A  and  3  =  86.1  t  0.3°  at  100°K  and 
atmospheric  pressure.  If  the  unit  cell  contains  16 

3 

molecules,  the  molar  volume  is  44.6  cm  /mole,  1.5%  smaller 
than  that  of  acetic  acid  I,  in  agreement  with  the  results 
from  the  phase  diagram  work. 
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Chapter  I. 


Introduction 


IA.  General  Introduction 

Although  acetic  acid  is  a  very  commonplace,  widely 
used  chemical,  data  concerning  the  physical  properties 
of  its  second  polymorphic  solid  phase  are  almost  non¬ 
existent.  Even  the  fact  that  acetic  acid  is  capable  of 
existing  in  two  solid  phases  is  almost  unknown.  For  example, 
a  recent  paper  on  the  infrared  spectrum  of  acetic  acid 
under  pressure  (1)  reported  that  at  least  two  polymorphic 
forms  had  been  detected,  with  no  reference  to  the  fact 
that  the  existence  of  two  polymorphic  forms  has  been  known 
for  70  years.  Following  Tammann  (2)  and  Bridgman  (3),  the 
solid  polymorph  which  is  well  known  at  atmospheric  pressure 
is  called  acetic  acid  I,  while  the  phase  which  forms  at 
about  1  Kbar  pressure  at  0°C  is  called  acetic  acid  II. 

This  thesis  presents  a  study  of  the  phase  diagram 
of  acetic  acid  below  0°C  to  3  Kbar,  the  X-ray  powder 
pattern  of  acetic  acid  II  at  atmospheric  pressure  and 
about  100°K,  and  the  far  infrared  spectrum  of  acetic  acid  II 
at  atmospheric  pressure  and  100°K.  These  results  are 
presented  and  discussed  in  Chapters  3,  4  and  5  and  the 
experimental  methods  are  described  in  Chapter  2.  The 
literature  on  polymorphism  in  solid  acetic  acid  is  reviewed 
in  Section  IB,  while  the  more  general  physical  properties 
of  acetic  acid  are  discussed  in  Section  1C.  Previous 
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studies  of  the  far  infrared  spectra  of  acetic  acid  and 
other  relevant  carboxylic  acids  are  discussed  in  Section  ID 
and  the  objectives  of  the  present  work  are  stated  in 
Section  IE. 

In  Chapter  1  many  different  pressure  units  are 
used,  following  the  usage  of  the  authors  cited.  The 
relation  between  these  various  units  is  given  below: 

1  bar  =  0.001  Kbar  =  1.0197  Kg  cm  ^  =  0.9862  atmosphere 
=  749.5  torr 

IB.  Previous  Reports  of  Polymorphism  in  Solid  Acetic  Acid 

The  first  report  of  acetic  acid  II  was  made  by 

G.  Tammann  (2)  in  1903.  Tammann  recorded  the  pressure- 

temperature  phase  diagram  of  acetic  acid  to  a  pressure  of 

3000  Kg  cm  over  the  temperature  range  -20.7  to  +65°C, 

and  found  three  transition  lines,  liquid-solid  I, 

liquid-solid  II  and  solid  I  -  solid  II.  He  reported  the 

triple  point  for  the  equilibrium  between  these  three 

_  2 

phases  as  57.5°C  and  2330  Kg  cm  and  that  at  the  lowest 

temperature  on  his  phase  diagram,  -20.7°C,  acetic  acid  II 

-  2 

formed  from  acetic  acid  I  at  765  Kg  cm  .  Tammann 
reported  that  the  solid-solid  phase  transition  occurred 
at  -71°C  at  atmospheric  pressure  but  he  did  not  give  any 
experimental  details,  and  it  is  assumed  that  he  formed 


3 

acetic  acid  II  at  high  pressure,  cooled  it  before  lowering 

the  pressure  and  then  observed  the  phase  transition  as  it 

warmed  up  at  atmospheric  pressure. 

P.  W.  Bridgman  (3)  in  1916  reported  the  phase 

_  ? 

diagram  for  acetic  acid  up  to  12,000  Kg  cm  from  0°C  to 

165°C.  At  higher  temperatures  and  pressures  the  chemical 

reaction  between  the  acetic  acid  and  the  steel  pressure 

vessel  was  so  fast  that  the  sample  became  too  impure  for 

the  results  to  be  useful.  Bridgman  used  three  samples  of 

acetic  acid  and  found  the  phase  transition  lines  to  be 

somewhat  shifted  from  the  temperatures  and  pressures 

reported  by  Tammann  (2) ;  however  he  explained  the  difference 

by  claiming  that  his  samples  were  of  higher  purity  than 

Tammann* s.  Bridgman  tabulated  his  data  and  thermodynamic 

parameters  for  the  liquid-acetic  acid  I -acetic  acid  II  phase 

transitions,  with  the  liquid-solid  I  -  solid  II  triple  point 

at  55.7°C  and  2100  Kg  cm  ^  and  phase  II  forming  from  phase  I 

at  1074  Kg  cm  ^  at  0°C. 

In  1935  Louis  Deffet  (4)  measured  the  melting 

-  2 

curve  for  acetic  acid  up  to  1000  Kg  cm  .  Deffet’s  results 

agreed  better  with  those  of  Tammann  (2)  than  with 

Brigman's  (3).  Table  1  presents  the  melting  points 

observed  by  these  workers  over  the  pressure  range 

1  -  1000  Kg/cm  ,  and  includes  the  accepted  value  of  the 

melting  point  at  atmospheric  pressure  (5).  When  the 

2 

melting  points  at  1  Kg/cm  are  corrected  to  16.604°C  and 
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Table  1.  Melting  Points  of  Acetic  Acid 


1  Kg/cm2 

500  Kg/cm2 

1000  Kg /cm 

Tammann  (2) 

16. 65°C 

27 . 1 °C 

3  7 . 0  5  °C 

Bridgman  (3) 

16 . 68  °C 

27 . 8  °C 

37 .7°C 

Deffet  (4) 

16. 55°C 

26 . 7  °C 

36. 9°C 

Beilstein  (5) 

1 6 . 604  °C 

Table  2.  Corrected  Melting  Points  of  Acetic  Acid 


1  Kg/cm2  correction  500  Kg/cm2  1000  Kg/cm2 


Tammann  (2)  -0.046°C 
Bridgman  (3)  -0.076°C 
Deffet  (4)  +0.054°C 
Beilstein  (5) 


2  7 . 06  °C 
2  7 . 7  2  °C 
26 . 7  5 °C 


37 . 00°C 
37 . 62  °C 
36 . 95  °C 


0. 000°C 


. 
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equal  corrections  are  made  for  the  melting  points  at 
higher  pressure,  as  shown  in  Table  2,  the  values  of 
Tammann  and  Deffet  are  in  even  better  agreement  but  those 
of  Bridgman  are  significantly  higher. 

Willy  Tan  et^  aJ.  (6),  in  1952,  measured  the 
freezing  point  curve  for  the  acetic  acid-benzene  system. 

A  definite  'nick'  occurred  in  the  curve  at  7.28°C  and 
78.41  acetic  acid  by  weight.  The  explanation  of  this 
irregularity  in  the  curve  may  be  based  either  on  the 
formation  of  a  compound  or  on  the  presence  of  polymorphism 
in  solid  acetic  acid.  X-ray  studies  were  carried  out  on 
the  solid  obtained  at  temperatures  above  and  below  the 
temperature  of  the  ’nick',  with  the  conclusion  that  the 
’nick'  was  due  to  polymorphism  in  solid  acetic  acid. 

This  conclusion  was  based  on  the  fact  that  two  lines  in 
the  powder  pattern  of  the  solid  obtained  at  1-2°C  were 
absent  in  that  of  the  solid  obtained  at  8-9°C.  However 
it  is  interesting  to  note  that  these  lines  were  also 
found  in  the  powder  pattern  of  pure  benzene.  Further, 
other  lines  which  coincided  with  the  lines  in  the  benzene 
pattern  were  of  medium  or  strong  intensity  in  the  powder 
pattern  of  the  solid  obtained  at  1-2°C  and  were  weak  or 
very  weak  in  that  of  the  solid  obtained  at  8-9°C.  Thus, 
although  these  authors  interpreted  their  results  as 
indicating  polymorphism  in  acetic  acid,  it  is  possible 
that  the  presence  of  solid  benzene  in  the  solid  obtained 
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at  1-2°C  was  not  realized  by  them.  However,  even  if  the.ir 
interpretation  is  correct,  it  seems  unlikely  that  acetic 
acid  II  was  the  second  polymorph  involved. 

In  1955  Philippe  and  Piette  (7)  published 
measurements  of  the  dielectric  constant  of  acetic  acid  in 
the  temperature  range  +20  to  -79°C.  They  were  studying 
the  effect  of  polymorphism  on  the  dielectric  constant 
and  reported  a  solid-solid  phase  transition  in  acetic  acid 
at  -35°C.  Their  sample  of  acetic  acid  was  supplied  by 
the  Bureau  des  Etalons  Phys ico - chimiques  but  by  comparison 
with  similar  work  done  by  Raczy  et_.  al_.  (8)  ,  impurity  in 
the  sample  is  suspected  to  be  the  cause  of  the  observed 
phase  transition. 

Timmermans  and  Kasanin  (9),  in  1959,  studied  the 
effects  of  pressure  on  the  melting  points  of  binary 
systems  in  which  the  individual  components  exhibit 
polymorphism.  The  acetic  acid-water  system  and  the  acetic 
acid-acetone  system  were  among  these  studied.  The  phase 
diagrams  reported  by  Bridgman  were  accepted  as  being 
correct  and  their  experiments  (9)  confirmed  the  existence 
of  polymorphism  in  solid  acetic  acid  below  3  Kbar . 

Raczy,  Constant  and  Gabillard  (8)  in  1961 
measured  the  dielectric  properties  at  100  KHz  of  acetic 
acid  between  +20  and  -35°C  at  atmospheric  pressure.  They 
also  measured  the  dielectric  properties  at  1  and  100  KHz 
of  acetic  acid  contaminated  with  small  amounts  of  water. 
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The  dielectric  constant  and  loss,  e'  and  e",  changed 
markedly  at  the  melting  point,  as  expected,  but  another 
marked  change  was  observed  at  -30°C,  which  implies 
that  a  phase  transition  occurred  at  this  temperature. 

Raczy  et_.  al_.  made  no  attempt  to  interpret  these  results, 
since  experiments  were  in  progress  to  measure  the  complex 
permitivity  as  a  function  of  frequency,  in  the  hope 
that  the  new  data  would  allow  them  to  state  more  precisely 
the  nature  of  the  phenomenon  observed.  Unfortunately 
the  results  from  those  additional  experiments  have  not 
been  published.  However,  the  change  observed  at  -30°C  was 
very  small  for  pure  acetic  acid,  and  increased  greatly 
as  the  water  content  was  raised  to  2%,  which  clearly 
suggests  that  it  is  related  to  the  impurity,  and  is  not 
an  intrinsic  property  of  acetic  acid. 

The  most  recent  work  relating  to  polymorphism  in 
acetic  acid  was  done  in  1967  when  Jakobsen,  Mikawa  and 
Brasch  (1)  reported  having  obtained  mid-infrared  spectra 
of  at  least  two  polymorphic  solid  phases  in  a  diamond- 
windowed  high-pressure  cell.  They  did  not,  however,  report 
the  mid-infrared  spectra  so  obtained,  but  merely  reported 
the  far  infrared  spectrum  of  the  crystal  at  -150°C  and 
presumably,  but  not  clearly  stated  atmospheric  pressure. 

The  spectrum  reported  was,  therefore,  probably  of  acetic 
acid  I.  The  mid-infrared  spectra  which  they  obtained 
were  later  presented  at  the  Symposium  on  Spectroscopy  of 


‘ 


8 


Materials  Under  High  Pressure  in  1971  and  were  published- 
in  1972  (10)  with  very  little  explanation. 

These  are  the  only  published  references  to 
polymorphism  in  acetic  acid.  It  is  clear  that  very  little 
is  known  about  the  high  pressure  phase,  acetic  acid  II. 

1C.  A  Review  of  the  Physical  Properties  of  Acetic  Acid  at 
Atmospheric  Pressure. 

The  physical  properties  of  acetic  acid  have  been 
surveyed  by  Beilstein  (11)  and  by  Timmermans  (12) . 

The  values  given  in  the  1970  edition  of  the  'Handbook  of 
Chemistry  and  Physics'  (5)  follow  Beilstein.  In  this 
section  some  of  these  physical  properties  will  be 
discussed  with  a  view  to  establishing  the  reliability 
of  its  accepted  value. 

The  values  reported  for  the  boiling  point  and  the 
melting  point  of  acetic  acid  at  atmospheric  pressure  vary 
considerably,  and  one  problem  inherent  in  the  evaluation 
of  these  values  is  that  very  few  workers  report  how 
their  thermometers  were  standardized.  Bousfield  and 
Lowry  (13)  reported  a  melting  point  of  16 . 600±0 . 005°C 
using  a  thermometer  calibrated  at  the  National  Physical 
Laboratory  in  England.  Eichelberger  and  La  Mer  (14) 
reported  a  melting  point  of  16.60±0.01°C  using  a 
thermometer  which  had  been  calibrated  against  a 


■ 
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copper-constantan  thermocouple,  which,  in  turn  was 
standardized  against  the  fixed  points  of  0°C  and  32.384°C 
(melting  point  of  Na2 SO^ • 10H2O)  and  against  a  platinum 
resistance  thermometer  certified  by  the  National  Bureau 
of  Standards.  Both  of  these  melting  points  are  in  agreement 
with  the  one  reported  by  Schall  and  Thieme - Wiedtmarckter 
(15),  16.604°C,  which  now  appears  in  the  ’Handbook  of 
Chemistry  and  Physics’  (5)  without  a  specified  accuracy. 

The  boiling  temperature  is  more  uncertain  than  the  melting 
temperature  but  in  the  reviews  (11,  12)  most  workers 
indicate  that  the  boiling  point  at  760  torr  is  in  the 
range  117.9±0.1°C.  The  critical  point  for  acetic  acid  was 
measured  by  Young  (16)  to  be  at  321. 6°C  and  43,400  torr. 

The  density  of  liquid  acetic  acid  has  been 
measured  many  times  and  is  1 . 0492± 0 . 0001  g  cm  3  at  20°C. 

The  values  reported  by  different  workers  are  usually  within 
0.01%  of  this  value  (11,  12).  Young  (16)  in  1910  and 
Costello  and  Bowden  (17)  in  1958  reported  the  density  of 
the  liquid  and  vapor  from  20°C  to  temperatures  well  above 
the  normal  boiling  point  and  their  values  are  in  very 
good  mutual  agreement.  Recently  the  density  of  acetic 
acid  I  was  determined  from  X-ray  data  to  be  1.270±0.002  g  cm 
(18,  19)  at  5 °C  and  1.334±0.002  g  cm-3  (18)  at  -190°C. 

Eichelberger  and  La  Mer  (14)  reported  a  specific 
conductance  of  1.4x10  mho  cm  at  25°C.  The  frequency 
of  the  electric  field  was  not  given  but  this  value  was 
also  reported  by  Maclnnes  and  Shedlovsky  (20)  ,  who 


i  i  i 
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found  that  the  specific  conductance  remained  constant 
over  the  frequency  range  0-3000  Hz.  Higher  values  of 
specific  conductance  have  been  reported  by  other  workers 
(21,  22),  but  the  value  of  1.4x10  8  mho  cm-1  at  25°C  is 
probably  the  most  reliable  since  impurities  tend  to 
increase  the  conductance. 

The  dielectric  constant  is  of  interest,  especially 
since  the  results  of  Raczy  et_.  al_.  (8)  and  Philippe  and 
Piette  (7)  seem  to  indicate  that  a  solid-solid  phase 
transition  occurs  between  -30  and  -35°C.  The  dielectric 
constant  of  Raczy' s  pure  acetic  acid  measured  at  100  KHz 
was  6.1  to  6.2  in  the  liquid  phase  below  +20°C  and 
dropped  to  about  3.6  as  the  acetic  acid  solidified.  The 
dielectric  constant  continued  to  drop  to  3.4  as  the 
temperature  was  lowered  to  -30°C  and  then  dropped 
abruptly  to  about  3.0  which  was  the  value  reported  at 
their  lowest  temperature,  -31°C  (8).  Philippe  and  Piette 
(7)  measured  the  dielectric  constant  between  +20  and 
-79°C  but  did  not  report  the  frequency  at  which  their 
measurements  were  made.  However  they  reported  a  value 
of  6.203  at  20°C,  decreasing  to  6.165  at  the  melting 
point  where  it  dropped  to  about  3.1  during  solidification. 
At  -31.5°C  they  reported  a  dielectric  constant  of  2.610 
and  below  the  transition  at  -35.5°C  they  reported  2.535 
with  an  abrupt  change  of  about  0.1  at  approximately 
-35°C.  Since  these  two  reports  are  so  different,  not  only 
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in  observed  dielectric  constant  but  also  in  the  temperature 
of  the  transition,  nothing  can  be  concluded  concerning 
their  reliability. 

The  dielectric  constant  of  liquid  acetic  acid  was 
measured  by  Le  Fevre  (23)  at  2  KHz  between  20°C  and  80°C. 

He  found  the  dielectric  constant  to  be  6.170  at  20°C 
whereas  Philippe  and  Piette  (7)  reported  6.203.  This 
discrepancy  at  20°C  suggests  that  Philippe  and  Piette  may 
have  had  some  water  impurity  in  their  sample.  Constant 
and  Lebrun  (24)  have  measured  the  dielectric  constant 
and  loss  of  liquid  acetic  acid  at  25°C  between  0.1  and 
100  GHz,  and  have  observed  the  absorption  due  to  molecular 
reorientation  to  be  centered  at  about  2  GHz. 

The  refractive  index  of  liquid  acetic  acid  for 

o 

the  sodium  D  line  (5893  A)  has  been  measured  by  Puschin 
and  Matavulj  (25)  at  10°C,  25°C,  40°C  and  65°C.  The 
values  they  obtained  are:  nj^  =  1.3758,  nj^  =  1.3698, 
n^  =  1.3638  and  nj^  =  1.3537;  9n^/9T  is,  therefore, 
-40.0x10  ^  (°C)  ^  between  10  and  40°C.  Dreisbach  and 
Martin  (26)  report  the  sodium  D  line  refractive  index 
at  20  and  25°C  to  be  n^°  =  1.37160  and  n^5  =  1.36995, 
from  which  9n^/9T  equals  -33x10  ^  (°C)  ^  between  20  and 
25°C.  Another  investigation  of  the  refractive  index  of 
liquid  acetic  acid  was  made  using  seven  different  light 
sources  (12)  from  which  the  values  of  n^-  and  9n/9T 
were  reported  as  in  Table  3. 


Table  3.  Refractive  Index  of  Acetic  Acid  For  Seven  Different  Light  Sources 
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The  crystal  structure  of  acetic  acid  I  was  first 

reported  by  Jones  and  Templeton  (19)  who  found  it  to  be 

orthorhombic,  space  group  Pna21,  with  the  axes  a  =  13.32± 

0.02  A,  b  =  4.08±0.01  A  and  c  =  5.77±0.01  A,  from  single 

crystal  X~ray  diffraction  measurements  at  5°C.  The 

structure  consists  of  nearly  planar,  hydrogen-bonded, 

polymeric  chains  of  acetic  acid  molecules,  with  the  planes 

parallel  to  (100).  These  polymeric  chains  are  stacked 

in  layers  along  the  a-axis  with  the  long  axes  of  the 

polymeric  chains  alternately  being  approximately 

parallel  to  (Oil)  in  one  layer  and  (Oil)  in  the  other. 

The  unit  cell  contains  four  molecules,  two  in  each 

_  3 

chain,  with  a  resulting  density  of  1.27  g  cm  .  In  1970 
this  work  was  repeated  by  Nahringbauer  (18)  and  extended 
to  include  a  structure  determination  at  -190°C.  The 
structure  proposed  by  Jones  and  Templeton  (19)  at  5°C 
was  confirmed  and  the  axial  lengths  were  reported,  with 

increased  precision,  as  a  =  13. 310±0 . 001 ,  b  =  4.090±0.001 

°  -  3 

and  c  =  5.769±0.001  A  and  a  resulting  density  of  1.270  g  cm 

The  structure  at  -190°C  is  the  same  as  that  at  5°C  except 

for  changes  due  to  thermal  expansion  (18).  The  axial 

lengths  at  -190°C  are  a  =  13 . 214± 0 . 001 ,  b  =  3.924±0.001 

°  -  3 

and  c  =  5.766±0.001  A  with  a  density  of  1.334  g  cm 

These  data  show  that  the  average  volume  expansivity  of 

acetic  acid  I  is  0.026  percent  per  Centigrade  degree 

between  -190°C  and  +5°C  and  that  it  occurs  almost  entirely 


. 
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along  the  'a'  and  *  b  *  axes.  In  addition,  the  molecular 
parameters  and  hydrogen  bond  lengths  determined  at  -190°C 
and  +5°C  were  almost  identical  indicating  that  the 
expansion  is  due  to  inter-chain  expansion  rather  than 
expansion  within  each  chain.  These  data  also  show  that 
acetic  acid  II  is  not  formed  from  acetic  acid  I  when  the 
sample  is  cooled  to  -190°C  at  atmospheric  pressure. 

Neutron  diffraction  studies  (27)  of  single  crystals  of 
acetic  acid  I  at  -150°C  have  located  the  hydrogen  atoms 
and  confirmed  the  structure  determined  by  X-ray  methods. 

A  variety  of  other  physical  measurements  have 
been  made  on  acetic  acid,  for  example  the  viscosity 
(12,  28),  surface  tension  (29),  magnetic  rotary  power 
(30),  specific  magnetic  susceptibility  (31)  and  heat 
constants  (3,  16,  32-37).  Included  in  this  were  heat 
capacity  measurements  on  the  solid  down  to  -185. 7°C  (33) 
but  no  evidence  of  a  phase  change  was  found. 

ID.  A  Review  of  the  Low  Frequency  Vibrational  Spectra  of 

Acetic  Acid  and  Related  Compounds. 

The  acetic  acid  monomer  has  Cs  symmetry  and  12 
in-plane,  A'  vibrations  and  6  out-of-plane,  A"  vibrations. 
These  vibrations  can  be  approximately  designated  as  9 
vibrations  of  the  methyl  group,  3  vibrations  of  the  hydroxyl 
group  and  6  vibrations  of  the  heavy  atom  skeleton 
(38-40).  None  of  these  fundamental  vibrations  of  the 


. 
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_  i 

monomer  are  below  400  cm  (38)  even  in  perdeuter ioacet ic 
acid  except  for  the  internal  rotation  of  the  methyl  group 
which  has  not  been  observed  and  is  probably  very  weak  (41). 

Gaseous  acetic  acid  dimers  are  known  to  be  planar 
apart  from  the  methyl  hydrogen  atoms,  or  extremely  close 
to  planar,  from  the  electron  diffraction  measurements  of 
Derissen  (42).  The  molecular  point  group  is  taken  to  be 
02^.  Those  carboxylic  acids  which  crystallize  as  dimers 
are  also  known  to  exhibit  planar  rings  formed  by  the 
carboxyl  group  (43) ,  so  the  usual  assumption  that  acetic 
acid  dimers  are  planar  in  the  liquid  is  a  reasonable  one. 

The  dimer  has  42  fundamental  vibrations,  36 

internal  vibrations  arising  from  the  18  vibrations  of  each 

monomer  unit  and  6  hydrogen- bond  vibrations  arising  from 

the  loss  of  six  degrees  of  translational  or  rotational 

freedom  when  the  two  monomer  molecules  form  a  single  dimer 

molecule.  The  36  internal  vibrations  form  the  representation 

12A  +6A  +  6B  +12B  under  the  point  group  C0,  ;  where  the 
g  u  g  u  r  to  r  2h’ 

12A'  vibrations  of  the  monomer  split  into  12A^  and  12B^ 
vibrations  in  the  dimer,  and  the  6A"  vibrations  of  the 
monomer  become  6B  and  6A  vibrations  in  the  dimer.  The 


g  u 

gerade,  g,  and  ungerade,  u,  vibrations  are  Raman  and 
infrared  active  respectively.  Thus  each  vibration  of  the 
monomer  yields  one  infrared  active  and  one  Raman  active 
vibration  9  whose  frequencies  differ  by  a  small  amount 
that  is  greater  for  the  vibrations  of  the  carboxyl 


. 
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group  than  for  those  of  the  methyl  group.  The  36  internal 
vibrations  have  been  studied  for  the  gas  and  liquid 
phases,  and  are  particularly  well  defined  in  a  series  of 
papers  by  Haurie  and  Novak  (38,  44,  45).  None  of  these 
vibrations  absorb  below  about  400  cm  ^  so  they  are  not  of 
further  concern  to  the  present  work. 

The  six  hydrogen-bond  vibrations  form  the 

representation  2  A  +2A  +B  +B  under  the  point 

g  u  g  u  F 

group  C 2 h ;  the  ungerade  vibrations  are  again  infrared 
active  and  the  gerade  vibrations  are  Raman  active.  These 
6  vibrations  must  be  discussed  here  because  all  of  the 
interpretations  in  the  literature  of  the  far  infrared 
spectrum  of  solid  acetic  acid  are  based  on  the  dimer  model 
rather  than  on  the  actual  chain  structure. 

The  forms  of  the  six  vibrations  can  be  approximated 
by  writing  the  six  symmetry  coordinates  (46)  ,  based  on 
the  translational  and  rotational  displacements  of  the  two 
monomer  units  which  do  not  correspond  to  overall  translation 
or  rotation  of  the  dimer.  These  symmetry  coordinates 
are  depicted  in  Figure  1,  numbered  to  correspond  to  those 
of  Miyazawa  and  Pitzer  (47).  The  actual  B^  and  B^  vibrations 
should  correspond  very  closely  to  the  symmetry  coordinates 
and  S^,  respectively,  because  there  are  no  other 
vibrations  of  like  symmetry  with  similar  frequencies.  The 
two  Ag  vibrations  are  expected  to  correspond  to  linear 
combinations  of  S-^  and  S9  and  the  two  Au  vibrations  should 


S  ,  (Ag) 


S  2  ( Ag ) 
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Figure  1.  Symmetry  coordinates  (Sn)  and  vibrations 

(vn)  of  carboxylic  acid  dimers.  For  acetic 
acid,  R  =  ChU. 
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be  linear  combinations  of  and  S.. 

Miyazawa  and  Pitzer  (47)  calculated  the  frequencies 
of  these  vibrations  using  a  rigid  monomer  model.  The  only 
far  infrared  frequency  which  they  had  as  data  for  acetic 
acid  was  188  cm  \  which  they  attributed  to  Millikan  and 
Pitzer  (48)  but  which  does  not  appear  in  that  publication 
and,  hence,  is  of  uncertain  origin.  In  order  to  obtain  a 
reasonable  excess  of  data  over  adjustable  force  constants 
in  the  calculation,  the  entropy  of  dimerization  was  used 
and  two  simplifying  assumptions  were  made:  1.  that  the 
force  constants  were  the  same  for  acetic  and  formic  acids; 
and  2.  that  the  bending  force  constants  were  the  same  for 
in-plane  and  out-of-plane  motions.  Three  vibrational 
frequencies  were  available  for  formic  acid  dimer:  232  cm  ^ 
(49),  237  and  160  cm  ^  (48)  so  that,  with  assumption  1., 
sufficient  data  were  available  for  the  calculation.  The 
calculation  showed  that  and  correspond  to  S-^  and 
S2 ,  respectively  but  both  and  had  nearly  equal 
contributions  from  and  S^.  Table  4  gives  the  frequencies 
calculated  for  v.,  to  v.. 

Nakai  and  Hirota  (50)  observed  a  doublet  absorption, 
with  maxima  at  188  and  167  cm  ^  in  the  spectrum  of  gaseous 
acetic  acid  dimers.  A  similar  doublet  was  seen  (50)  for 
(CD^COOH^,  but  for  (CH^COOD)^  they  observed  only  a 
single  absorption,  with  a  questionable  shoulder.  Consequently 
they  postulated  that  the  doublet  arose  from  proton  tunnelling 


f»  i  i  J  Li  :  9  J  i  '<  r 

, 


Table  4.  Low  frequency  vibrations  observed  and  calculated  for  acetic  acid  dimer  and  its 
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in  a  double -minimum  potential  for  the  displacement  of  the 
protons  between  the  oxygen  atoms.  They  assigned  this 
absorption  to  v ^  C^u )  (Figure  1)  and  did  not  observe  the  bands 
due  to  the  two  modes  which  are  expected  below  100  cm"^. 

In  1963  Stanevich  (51)  reported  the  spectrum  of 
liquid  acetic  acid  at  20°C  from  250  to  140  cm  ^  and  from  120 
to  10  cm  His  reported  frequencies  are  listed  in  Table  4. 

Three  features  were  reported  between  180  and  140  cm  \  all  of 
which  were  assigned  to  v^(B  )  (Figure  1),  the  asymmetric 
stretch  of  the  hydrogen  bonds.  Stanevich  assigned  two  of  the 
three  features  to  hot  bands  of  the  vibration.  Two  other 
broad  absorptions  centered  at  75  and  40  cm  ^  were  reported  for 
the  first  time  and  were  assigned  to  and  respectively 
(Figure  1,  Table  4)  on  the  basis  of  Miyazawa  and  Pitzer's 
calculations  (47).  The  following  year  Stanevich  (52) 
reported  the  spectrum  of  liquid  (CH^COOD)^  from  about  210  to 
140  cm  ^  and  120  to  30  cm  ^  and  that  of  liquid  (CD^COOD) ^ 
from  200  to  140  cm  ^  and  120  to  80  cm  ^ .  The  assignment  of 
these  spectra  followed  that  of  (CH^COOH)  ^  and  the  observed 
frequencies  with  their  assignments  are  shown  in  Table  4. 

In  1964  Zirnit  and  Sushchinskii  (53)  reported 
the  Raman  spectrum  of  liquid  acetic  acid  below  250  cm  ^ . 

They  did  not  specify  the  temperature  or  the  lowest 
frequency  which  they  could  reliably  observe  but  they  did 
report  a  line  at  123  cm  ^  which  they  assigned  to  the  B 

o 

out-of-plane  symmetric  deformation  vibration,  v^,  on  the 
basis  of  the  calculations  done  by  Miyazawa  and  Pitzer  (47). 


' 
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The  discovery  of  this  line  adds  significant  support  to 
the  validity  of  these  calculations. 

Also  in  1964,  Kishida  and  Nakamoto  (54)  published 
a  normal  coordinate  calculation  of  the  in-plane  vibration 
of  acetic  acid  dimer.  They  were  mainly  concerned  with 
the  internal  vibrations  of  the  monomer  units  and  their 
data  for  the  vibrations  involving  the  hydrogen  bonds 
consisted  of  the  frequencies  calculated  by  Miyazawa  and 
Pitzer  (47)  plus  the  one  experimental  frequency  available 
to  them  (47).  As  a  result  the  main  value  of  their 
calculations  is  that  the  vibrational  frequencies  were 
also  predicted  for  the  deuterated  species  (CD^COOH) ^  at 
room  temperature,  between  400  and  33  cm  ^ .  Their 
calculated  frequencies  are  shown  in  Table  4. 

In  1965  Carlson,  Witkowski  and  Fateley  (55) 
published  infrared  spectra  of  gaseous  (CH^COOH)^  and 
(CD^COOH)^  at  room  temperature,  between  400  and  33  cm  ^ . 
Their  observed  frequencies  are  shown  on  Table  4.  Of  the 
four  frequencies  reported  for  (CH^COOH^,  the  absorption 
at  310  cm  ^  was  neither  assigned  nor  even  discussed. 

The  50  cm  ^  absorption  was  assigned  to  v ^  CAu ])  ,  the  out- 
of-plane  hydrogen  bond  bend,  and  the  190  cm  ^  absorption 
was  assigned  to  v3(B  ),  the  asymmetric  hydrogen  bond 
stretch,  by  direct  comparison  with  the  calculated 
frequencies  of  Miyazawa  and  Pitzer(47).  The  feature  at 
168  cm  ^  was  assigned  to  v^(Au)  (Figure  1)  even  though 
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the  possibility  of  a  combination  band  of  v^+v^  in  Fermi 
resonance  with  and  the  possibility  of  proton  tunnelling 
were  considered.  In  contrast  to  previous  workers  these 
authors  equated  with  and  with  (Figure  1)  for 
reasons  that  were  not  stated. 

In  1967  Ginn  and  Wood  (56)  showed  that  the  doublet  at 
190/168  cm  ^  in  (CH^COOH) ^  is  almost  certainly  not  due  to 
proton  tunnelling,  because  a  corresponding  doublet  at  183/161 
cm  ^  was  observed  in  (CH^COOD) ^ .  They  attributed  the  doublet 
to  a  combination  of  the  effects  of  Fermi  resonance  between 

v,  and  Vr+V/  and  of  the  rotational  band  contours. 

3  5  6 

Between  mid  1967  and  mid  1968  four  papers  reported 
low-frequency  spectra  of  dimeric  acetic  acid  in  the  liquid 
phase  or  in  solution  in  various  solvents.  Fauquembergue , 
Constant  and  Raczy  (57)  reported  a  strong  absorption 
centered  at  182  cm  \  a  weak  absorption  at  123  cm  ^  and 
a  broad,  but  fairly  strong,  absorption  centered  around 
87  cm  ^  by  CH^COOH  in  5 %  solution  in  benzene  and  in 
carbon  tetrachloride.  No  assignment  was  discussed  other 
than  that  these  frequencies  had  been  calculated  by 
Miyazawa  and  Pitzer  (47).  Waldstein  and  Blatz  (41) 
reported  low  frequency  Raman  spectra  of  liquid  (CH^COOH)^ 
and  (CD^COOD)^  and  solutions  of  these  acids  in  n-pentane 
and  water  at  25°C.  They  observed  a  line  at  116±5  cm  ^ 
for  the  pure  liquid,  and  a  line  at  124±5  cm  ^  for  the 
n-pentane  solution  of  (C1UCOOH) 9 ,  which  they  assigned 
to  the  v6  fundamental  (Figure  1)  predicted  by  Miyazawa 
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and  Pitzer(47)  to  be  at  128  cm  ^ .  The  comparable  lines 
for  (CD^COOD) ?  were  at  106±5  cm  ^  and  115±5  cm  ^  respectively. 
Another  line,  at  47 ±7  cm  ^  in  the  spectrum  of  (CH^COOH) 7 
in  the  pure  liquid  and  in  solution  was  called  a  "liquid 
structure"  line  and  a  third  line,  possibly  present  at 
95  cm  ^  in  the  liquid,  was  assigned  to  open  dimers  or 
polymers.  Saunders,  Bentley  and  Katon  (58)  reported  a 
broad  absorption,  centered  at  177  cm  ^ ,  by  (CH^COOH)^  in 
the  liquid  phase  and  in  benzene  solution,  presumably 
at  room  temperature. 

The  last  of  the  four  papers  is  by  Jakobsen, 

Mikawa  and  Brasch  (1)  and  presents  the  infrared  spectra 
between  300  and  50  cm  ^  of  acetic  acid  dimer  in  the  gas, 
liquid  and  hexane  solution  states.  In  the  corresponding 
spectra  they  observed  absorption  bands  at  188  cm  ^ ,  184 
cm  1  and  176  cm  ^  respectively,  and  assigned  them  to  , 
the  asymmetric  hydrogen  bond  stretching  vibration 
(Figure  1).  For  the  vapor  they  also  observed  an 
absorption  at  168  cm  ^  and  assigned  it  to  v^  +  v^  in  Fermi 
resonance  with  •  This  assignment  was  based  on  their 
normal  coordinate  calculations  for  the  out-of-plane 
vibrations  of  the  dimer,  and  on  their  observed  frequency 
difference  between  the  vibrations  of  (HCOOH) ^  and 
(DCOOH^,  from  which  they  excluded  as  a  possible 
assignment  of  the  168  cm  ^  absorption  in  (CiUCOOH^- 
The  force  constants  used  were  taken  from  a  similar 
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calculation  on  formic  acid  dimer,  in  which  the  force 

constants  were  determined  from  their  experimental  data  on 

(HCOOH) ^  and  confirmed  by  correctly  giving  the  frequency 

of  of  (DCOOH) 7 .  The  out -of -plane ,  symmetric,  hydrogen 

bond  bending  vibration  (v^  in  Figure  1)  was  listed  as 

having  symmetry  under  point  group  but  it  is  assumed 

that  this  was  meant  to  be  B  .  Their  calculated  and 

g 

observed  frequencies,  with  assignments,  are  listed  in 
Table  4. 


In  1969  Fukushima  and  Zwolinski  (59)  presented  a 

normal  coordinate  calculation  for  (CH^COOH)^,  (CH^COOD)^, 

(CD^COOH)^  and  (CD^COOD)^.  They  were  mainly  interested 

in  the  internal  vibrations  of  the  monomer  units  and 

their  data  for  the  region  below  400  cm  1  were  primarily 

the  frequencies  calculated  by  Miyazawa  and  Pitzer(47). 

As  a  result  the  main  value  of  this  work  to  the  present 

discussion  is  that  they  predicted  the  frequency  shifts 

due  to  deuteration  of  the  acetic  acid  dimer.  Their 

calculated  frequencies  are  presented  in  Table  4. 

Recently,  Witkowski  (60)  has  proposed  a  new 

interpretation  of  the  doublet  absorption  between  150  and 

200  cm  1  by  acetic  acid  dimers.  He  appears  to  argue  that 

the  A  hydrogen  bond  stretching  vibration, of  Figure  1, 
g 

becomes  infrared- act ive  as  a  result  of  coupling  with  the 
OH  stretching  modes.  As  a  result  the  absorptions  observed 
at  190  and  168  cm"1  by  Carlson  et.  al .  (55)  are  assigned 


to  and  v^,  respectively,  by  Witkowski.  This  work 
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stems  from  Witkowski’s  previous  interpretaion  of  the  OH 
stretching  region  of  the  spectrum,  based  on  his  theory  (61) 
which  presents  a  model  for  strong  coupling  between  the  0-H 
and  stretching  modes.  There  is  evidence  (44)  that 

at  least  some  of  the  assignments  of  the  bands  in  the  OH 
stretching  region  which  result  from  this  model  are  not 
correct . 

A  quite  different  assignment  of  the  low-frequency 
vibrations  of  acetic  acid  dimer  was  published  in  1971  by 
Redington  and  Lin(62).  These  authors  studied  the  infrared 
spectrum  of  the  OH  stretching  region  of  acetic  acid 
dimers  matrix  isolated  in  Argon  at  4°K,  and  assigned  the 
observed  features  as  combination  transitions  of  the  OH 
stretching  fundamental  and  of  the  overtone  of  the  in-plane 
C-O-H  deformation  with  low-frequency  vibrations.  They 
used  the  low- frequencies  deduced  from  these  combination 
bands  with  the  experimental  infrared  data  obtained  from 
the  gas  by  Carlson  £t^  aH.  (55)  to  make  the  assignment 
shown  in  Table  4.  The  arguments  presented  in  support  of 
their  assignment  were  not  particularly  self-consistent  or 
clearly  presented.  Furthermore,  Grenie,  Cornut  and 
Lassegues  (63)  have  recently  shown  that  Redington  and 
Lin's  (62)  assignment  of  the  mid-infrared  bands  are  not 
consistent  with  the  isotope  shifts  observed  when 
CH^C  0  OH  is  used  instead  of  the  normal  species,  although 
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no  alternative  assignment  was  presented  for  some  of  the 
bands.  Therefore  it  is  concluded  that  Redington  and  Lin’s 
assignment  is  possible  but  is  not  clearly  an  improvement 
over  earlier  assignments. 

It  can  be  seen  from  the  above  discussion  and  the 
frequencies  summarized  in  Table  4  that,  while  a  large 
number  of  reports  on  the  low-frequency  spectra  of  the 
dimeric  acid  have  been  published,  our  present  knowledge 
of  the  hydrogen-bond  vibrations  leaves  much  to  be  desired. 

In  solid  acetic  acid  I,  two  different  chains 
contribute  two  monomer  molecules  each  to  the  unit  cell 
(18,  19,  27)  (Section  1C).  The  space  group  is  Pna2j 
(19)  which  shows  that  the  unit  cell  group  (64)  is 
isomorphous  with  the  point  group  To  a  first 

approximation,  the  only  vibrations  in  an  ordered  solid 
which  can  be  infrared  or  Raman  active  are  those  in  which 
the  atomic  displacements  in  one  unit  cell  are  simultaneously 
reproduced  in  all  other  unit  cells  (65).  These  vibrations 
are  called  zero-wave-vector  vibrations.  Thus,  to 
determine  the  infrared  or  Raman  activity  it  is  only 
necessary  to  consider  the  vibrations  within  one  unit 
cell,  under  the  symmetry  of  the  unit  cell  group. 

There  are  four  vibrations  in  each  unit  cell 
for  each  internal  degree  of  freedom  of  each  monomer  unit. 
These  four  vibrations  form  a  regular  representation  (66) 
under  the  unit  cell  group,  and  three  of  them  are  infrared- 
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active  and  all  four  are  Raman-active.  Haurie  and  Novak 
(67)  have  studied  and  assigned  the  infrared  spectrum  of 
the  internal  vibrations  of  the  monomer  units  in  acetic 
acid  I.  They  observed  the  spectrum  from  4000  to  400  cm  ^ 
at  0°C  and  -180°C  and  found  they  could  interpret  their  data 
by  considering  only  a  single  chain.  The  interactions 
between  molecules  in  the  chain  are,  therefore,  much  stronger 
than  the  Van  der  Waals  interactions  between  the  chains, 
as  is  expected.  The  unit  cell  group  of  each  isolated 
infinite  chain  is  isomorphous  with  the  point  group 
and  the  repeating  unit  of  the  chain  contains  two  acetic 
acid  molecules;  thus  all  the  vibrations  are  infrared 
active  and  two  rather  than  three  components  are  observed 
in  the  infrared  spectrum  from  each  internal  monomer 
vibration.  However,  there  are  no  absorptions  due  to  these 
vibrations  below  about  400  cm  \  so  they  will  not  be  further 
discussed  here. 

Even  though  the  crystal  structure  of  acetic 
acid  I  was  known  to  consist  of  polymeric  chains  before 
the  far  infrared  spectrum  was  observed,  all  of  the  literature 
interpretations  of  the  far-infrared  spectrum  of  the  solid 
are  based  on  a  dimer  model.  As  a  result  a  theoretical 
discussion  of  the  inter-monomer  hydrogen  bond  vibrations 
of  acetic  acid  I  is  not  needed  here  and  will  be  left  until 
Chapter  5. 

The  far  infrared  spectrum  of  solid  acetic  acid  was 
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first  published  in  1963  by  Stanevich  (51),  who  observed 
the  spectrum  at  -175°C  between  250  and  140  cm"1  and 
between  120  and  30  cm  1.  He  observed  absorption  bands  at 
232,  196,  83  and  42  cm  1  and  assigned  them  on  the  basis 
of  the  calculations  done  by  Miyazawa  and  Pitzer  (47)  ,  using 
the  notation  shown  in  Figure  1.  The  196,  83  and  42  cm  1 
absorptions  were  assigned  to  v^,  v^,  and  v^,  respectively 
and  the  232  cm  1  absorption  was  attributed  to  an  internal 
vibration  of  the  carboxyl  group  because  there  were  no 
hydrogen  bond  vibrations  expected  at  this  frequency  and 
because  he  had  observed  similar  absorptions  in  other 
carboxylic  acids. 

The  following  year  Stanevich  (52)  reported  the 
infrared  spectra  of  CD-COOD  and  CH^COOD  at  -175°C  in  the 
same  frequency,  regions  as  he  used  previously  for  CH^COOH 
(51).  For  CH^COOD  he  observed  absorption  bands  at  -232, 
195,  82,  and  43  cm  1  and  assigned  them,  as  before  (51), 
to  COOH,  >  v^,  and  v^,  respectively.  For  CD-COOD  he 
observed  bands  at  190,  78  and  42  cm  1  and  assigned 
them  to  respectively;  his  reported  spectrum 

stops  at  220  cm  1  so  one  does  not  know  if  an  absorption 
was  present  near  230  cm  1  as  was  found  for  the  other  acids. 

Carlson,  Witkowski  and  Fateley  (55),  in  1965, 
reported  the  far  infrared  spectrum  of  acetic  acid  at  liquid 
nitrogen  temperature  between  400  and  33  cm  1  but  they  only 
observed  a  single  intense  absorption  at  198  cm  1,  which 
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they  did  not  assign.  They  were  aware  of  the  data  reported 
by  Stanevich  (51)  but  were  unable  to  observe  any  evidence 
of  the  83  and  42  cm  ^  bands,  even  with  very  thick  samples. 

The  most  recent  paper  on  the  low-frequency  spectrum 
of  solid  acetic  acid  was  published  in  1967  by  Jakobsen, 
Mikawa  and  Brasch  (1),  who  reported  the  spectrum  at  about 
-150°C  between  370  and  60  cm  ^ .  They  were  aware  of  the 
polymorphism  present  in  acetic  acid,  but  were  unsure 
which  polymorph  corresponded  to  their  reported  spectrum. 
However,  since  their  sample  was  formed  by  freezing  the 
liquid,  it  is  assumed  that  they  had  acetic  acid  I.  The 
vibrational  frequencies  they  observed  were  198,  126  and 
82  cm  1.  Jakobsen  et_.  aJU  (1)  stated  that  they  interpreted 
their  data  on  the  basis  of  a  polymeric  chain  structure 
having  symmetry  and  hence  expected  8  infrared- act ive 
vibrations,  but  the  actual  assignments  that  they  gave 
correspond  to  those  of  the  dimer  configuration.  They 
assigned  the  198  cm  ^  band  to  the  hydrogen  bond  stretching 
vibration,  v^,  and,  tentatively,  the  82  cm  ^  band  to  the 
twisting  mode,  (Figure  1).  They  did  not  discuss  how 
they  transposed  the  dimer  vibrations  to  apply  to  the 
polymers.  Since  this  is  the  most  recent  investigation 
of  the  low  frequency  vibrations  of  solid  acetic  acid,  it 
leaves  the  spectrum  and  its  assignment  very  much  uncertain. 

The  low  frequency  spectrum  of  solid  propionic 
acid  is  of  interest  for  comparison  with  that  of  acetic 
acid.  In  the  solid  phase  propionic  acid  consists  of 
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centrosymmetr ic  cyclic  dimers,  crystallized  in  the  space 
group  PZi/c-C^  with  four  monomers  per  unit  cell  (68). 

As  a  result,  since  each  monomer  of  propionic  acid  contains 
eleven  atoms,  there  are  27  internal  vibrations  per  monomer 
and  a  total  of  108  internal  vibrations  per  unit  cell. 

These  internal  vibrations  are  not  of  particular  interest 
here  and  will  not  be  discussed  in  detail,  but  some  of 
them  do  appear  in  the  region  below  400  cm  ^ .  There  are 
also  twenty-four  lattice,  or  inter -monomer ,  vibrations 
expected,  of  which  three  are  simple  translations  of  the 
whole  unit  cell  and  have  zero  frequency.  The  remaining 
twenty-one  rotational  and  translational  lattice  vibrations, 
several  of  which  involve  bending  and  stretching  of  the 
hydrogen  bond,  are  the  primary  concern  here,  and  are 
listed  in  Table  5. 

Stanevich  (51),  in  1963,  was  the  first  to  report 
the  far  infrared  spectrum  of  solid  propionic  acid.  He 
reported  the  spectrum  at  -175°C  between  250  and  30  cm  ^ , 
and  observed  absorption  bands  at  229,  176,  126,  78  and  40 
cm  \  which  he  assigned,  by  comparison  with  acetic  acid, 
to  a  carboxyl  group  internal  vibration,  (Figure  1) ,  an 
alkyl  group  internal  vibration,  v^,  and  v^,  respectively 
(Table  6) . 

In  1969  Jakobsen,  Mikawa  and  Brasch  published  two 
papers  (69,  70)  which  reported  the  far  infrared  spectrum 
of  solid  propionic  acid.  In  the  first  (69),  the  spectrum 
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was  recorded  at  -150°C  between  250  and  60  cm  ^  ,  using 
either  a  film  of  propionic  acid  solidified  between  two 
polyethylene  plates  or  a  sample  absorbed  into  a  polyethylene 
film.  In  the  second  paper  (70),  the  spectrum  of  a  poly¬ 
crystalline  sample  at  liquid  nitrogen  temperature  was 
recorded  between  300  and  50  cm  ^ ,  but  the  spectrum  was 
only  shown  between  about  200  and  60  cm  ^ .  They  also  reported 
the  spectrum  of  CD^CD^COOD  using  the  same  procedure,  and 
all  their  observed  frequencies  and  assignments  are  listed 
in  Table  6.  They  considered  that  the  intermolecular 
vibrational  coupling  is  so  weak  that  the  crystal  vibrations 
of  different  symmetry  which  result  from  the  same  dimer 
vibration  are  unresolved,  so  they  assigned  the  observed 
bands  to  vibrations  of  a  single  dimer.  These  assignments 
were  made  on  the  basis  of  comparisons  with  those  of  formic 
and  acetic  acids,  deuteration  shifts,  and  a  normal 
coordinate  calculation.  The  force  constants  for  the  normal 
coordinate  calculation  were  those  used  for  acetic  and  formic 
acids  (1),  except  that  an  additional  force  constant  for  the 
torsion  about  the  C-C  bond  was  required  and  was  estimated 
simply  by  choosing  a  value  slightly  less  than  the  force 
constant  for  the  torsion  about  the  C-0  bond. 

The  main  disagreement  between  this  and  Stanevich's 
assignment  (51)  concerns  the  226,  78  and  40  cm  ^ 
absorptions.  The  226  cm  ^band  was  considered  to  be  due 
to  ice  condensing  on  the  outside  of  the  cell  during  the 
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sample  absorbed  into  a  polyethylene  film 
see  Figure  1. 
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cooling  process,  because  they  did  not  predict  any 
vibrations  to  be  at  that  frequency  and  because  they 
noticed  an  increase  in  intensity  with  longer  cooling  times. 
The  assignments  for  the  78  and  40  cm-1  bands  were  reversed 
from  Stanevich's  assignment  (51)  on  the  basis  of  their 
normal  coordinate  calculations. 

In  1971  Jakobsen,  Mikawa,  Allkins  and  Carlson  (71) 
published  the  low-frequency  Raman  spectrum  of  polycrystalline 
propionic  acid  at  135°K  in  a  liquid-nitrogen  cooled  cell. 

Four  bands  were  observed:  a  strong  band  at  71  cm  ^  and 

_  i 

three  weaker  bands  at  109,  81  and  55  cm 

A  tentative  assignment,  shown  in  Table  6,  was 
based  on  their  normal  coordinate  calculations  (70)  and  on 
comparisons  with  the  assignments  for  formic  and  acetic  acids. 
The  assignment  for  the  55  cm  ^  band  was  left  open  to  debate, 
but  they  did  say  that  it  was  due  to  either  an  in-plane  or 
an  out-plane  rotational  vibration. 

IE.  Objectives  of  this  work 

In  general  terms  the  primary  aim  of  this  work  is 
to  obtain  data  on  the  physical  properies  of  acetic  acid  II, 
in  order  to  characterize  it  and  its  phase  diagram  below 
0°C.  All  of  the  available  evidence  indicates  that  acetic 
acid  I  does  not  change  to  acetic  acid  II  when  it  is  cooled 
at  one  atmosphere  pressure.  On  the  other  hand,  though,  an 
extrapolation  of  Tammann ' s  (2)  and  Bridgman's  (3)  acetic 
acid  I  to  II  equilibrium  line  indicates  that  the  one 
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atmosphere  phase  transition  should  occur  at  -56±3°C, 
and  Tammann  (2)  did  report  having  observed  a  phase  transition 
at  -71.0°C  and  1  Kg  cm  pressure.  Jakobsen,  Mikawa  and 
Brasch  (1)  observed  two  phases  using  a  diamond,  high-pressure 
apparatus  but  found  only  one  of  the  phases  by  cooling  a 
sample  of  acetic  acid.  Nahringbauer  (18)  stated  that  he  is 
seeking  the  second  polymorph  of  acetic  acid  for  X-ray  study 
but  neither  he  nor  Jakobsen  ejt .  aJ.  (1)  appeared  to  be 
aware  of  the  work  done  by  Tammann  (2)  and  Bridgman  (3) . 
Therefore  the  objectives  of  this  work  are  as  follows: 

(i)  To  map  out  the  phase  diagram  for  the  solid-solid 
phase  transition  of  acetic  acid  to  see  whether  phase  II 
can  be  formed  at  one  atmosphere  and  to  see  at  what 
temperatures  it  is  stable  at  one  atmosphere. 

(ii)  To  record  the  X-ray  powder  diffraction  pattern  of 
acetic  acid  II,  to  character ize  the  phase  and,  if  possible, 
to  deduce  the  crystal  symmetry  and  the  unit  cell  dimensions. 

(iii)  To  record  the  far  infrared  spectrum  of  acetic  acid 
II,  in  order  to  obtain  evidence  concerning  the  difference 
between  phases  I  and  II.  The  spectra  of  acetic  acid  I 

and  propionic  acid  at  liquid  nitrogen  temperature  were 
redetermined  using  the  techniques  used  for  acetic  acid  II, 
in  order  to  compare  them  with  the  spectrum  of  acetic  acid  II, 
to  help  in  its  assignment. 
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Chapter  2.  Experimental 


2A.  Purification  of  Chemicals 

Glacial  acetic  acid  with  a  stated  purity  of  99.8% 
was  obtained  from  Canadian  Industries  Limited.  The  main 
impurity  expected  was  water,  and  samples  from  freshly 
opened  bottles  were  analyzed  for  water  by  Karl  Fischer 
titrations  (72,  73).  The  Karl  Fischer  reagent  was 
calibrated  by  determining  the  titre  required  for  10  yl  of 
water  before  and  after  the  titration  of  the  sample,  which 
was  found  to  contain  0.11%  of  water,  well  within  the  purity 
limit  claimed. 

The  measurements  of  the  phase  diagram  of  acetic 
acid  are  very  sensitive  to  the  presence  of  water  (74,  75) 

The  samples  used  for  such  measurements  were,  therefore, 
further  purified  by  zone -ref ining  (76).  Glass  zone-refining 
tubes,  6  mm  inside  and  8  mm  outside  diameter  and  12-14 
inches  long,  were  used.  About  8  ml  of  acetic  acid  from  a 
freshly-opened  bottle  was  placed  into  the  tube  which  was 
then  sealed.  The  purification  process  was  begun  by 
cooling  the  tubes  containing  the  acetic  acid  samples  and 
mounting  them  in  the  zone  refiner.  With  care  liquid 
acetic  acid  can  easily  be  super-cooled  down  to  5°C, 
which  makes  it  very  convenient  to  directionally  freeze 
the  sample  by  using  the  zone  refiner  to  raise  the  tube  past 
the  heater  at  the  rate  of  ^  inch  per  hour.  A  seed  crystal 
produced  at  the  top  of  the  sample  tube  by  cooling  a 
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small  area  of  glass  with  dry  ice  and  the  heater  prevented 
the  whole  sample  from  solidifying  at  once.  As  a  result 
the  acetic  acid  above  the  heater  was  crystalline  and  that 
below  the  heater  was  super-cooled  liquid,  so  that  the 
directional  freezing  was  controlled  by  the  0.5  inch  per 
hour  rate  at  which  the  tube  was  raised  past  the  heater. 

The  zone-refining  apparatus  was  designed  and  constructed 
in  this  department  to  fit  into  a  refrigerator,  so  that 
the  ambient  temperature  could  be  kept  at  about  5°C.  The 
zone-refining  process  involved  drawing  the  tubes  vertically 
through  a  heater  which  created  a  liquid  zone  which  moved 
down  the  tube  at  a  rate  of  0.5  inch  per  hour.  The  zone 
lengths  were  controlled  to  1  inch,  and  each  sample  was 
passed  through  the  heater  in  this  way  at  least  fourteen 
times.  When  the  zone  refining  was  complete  the  bottom  20 % 
of  the  sample  always  appeared  white  and  polycrystalline 
whereas  the  top  801  appeared  almost  clear.  The  top  60% 
of  the  zone-refined  sample  was  used  for  experiments  on 
the  phase  diagram.  The  sealed  tubes  of  zone-refined  acetic 
acid  were  kept  at  5°C  and  were  used  within  a  few  days  after 
the  zone-refining  process  was  completed. 

In  order  to  be  absolutely  sure  of  the  water  content 
of  a  typical  sample  used  for  the  phase  diagram  study,  one 
sample  was  treated  in  the  following  way.  A  sample  of 
zone-refined  acetic  acid  was  placed  in  the  high  pressure 
cell  and  kept  there  for  four  days.  During  the  four  days, 
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3  experiments  were  carried  out  to  measure  the  pressure 
required  for  the  phase  transition  to  occur  at  0°C. 

After  the  four  days  the  pressure  was  released  and  the  cell 
was  warmed  up  to  melt  the  acetic  acid.  A  sample  was 
removed  in  a  syringe  and  a  Karl  Fischer  titration  was 
carried  out  on  this  recovered  sample.  One  drop  of 
titrant  was  sufficient  to  complete  the  titration,  indicating 
that  the  sample  still  contained  at  most  0.015%  of  water. 

Propionic  acid  was  obtained  from  Fisher  Scientific 
Company.  The  manufacturer's  specifications  showed  only 
0.05%  water,  and  a  boiling  range  of  140 . 6-141 . 4 °C .  Since 
the  propionic  acid  was  used  only  for  the  study  of  its 
infrared  spectrum,  and  not  for  phase  diagram  measurements, 
the  purity  of  the  manufactured  product  was  assumed  to  be 
adequate.  However  only  propionic  acid  taken  from  a  freshly 
opened  bottle  was  used. 

The  water  used  for  calibration  of  the  pressure 
gauges  was  triply  distilled,  once  from  permanganate  and 
twice  from  glass.  Once  converted  to  ice,  it  was  also  taken 
through  the  ice  I  to  ice  III  phase  transition  several 
times,  because  this  has  been  shown  to  result  in  further 
purification  (77,  78).  However  it  was  subsequently 
found  that  water  which  was  simply  distilled  and  freshly 
boiled  to  remove  gaseous  contamination  gave  the  same 
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2B.  Apparatus  and  Sample  Handling  Methods  for  the  Phase 

Diagram  Measurements 

The  high  pressure  apparatus  shown  in  Figure  2  was 
a  steel  cylinder  (B)  having  an  inside  diameter  of  1.0015 
inches  and  an  outside  diameter  of  approximately  5  inches. 

The  cylinder  was  fitted  with  pistons  (A),  1.000  inch  in 
diameter,  at  each  end  whereby  the  pressure  could  be  applied. 
The  pistons  were  made  of  Vascomax  350  and  the  cylinder 
of  Vascomax  300  ,  .181  nickel  maraging  steels,  which  were 
subsequently  heat  treated  to  about  50  Rockwell  C.  Sample 
extrusion  around  the  pistons  was  prevented  by  two  brass 
back-up  rings  (E)  which  had  a  triangular  cross-section 
and  which  provided  a  perfect  seal  between  the  pistons 
and  the  cylinder  for  solid  samples. 

The  pistons  and  cylinder  were  mounted  inside  a 
cooling  jacket  (F)  which  allowed  liquid  coolant  to 
circulate  around  the  cell  but  did  not  allow  the  coolant  to 
come  into  contact  with  the  piston -cyl inder  junctions. 

This  cooling  jacket  provided  an  easy  means  of  controlling 
the  temperature  within  the  cell  at  high  pressure,  and 
allowed  the  cell  to  be  cooled  to  the  desired  temperature 
(say  -15°C)  before  the  sample  (C)  was  introduced.  This 
procedure  of  precooling  the  cell  made  it  possible  to  inject 
liquid  acetic  acid  into  the  cell  where  it  immediately 
froze.  One  problem  that  arises  from  this  procedure  is 
that  water  tends  to  condense  into  the  cell  while  it  is 
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being  precooled.  In  order  to  overcome  this  problem, 
the  top  of  the  assembly  was  covered  by  a  clear  plastic 
sheet  and  dry  nitrogen  gas  was  blown  into  the  cell.  This 
kept  a  dry  atmosphere  around  the  top  of,  and  within,  the 
cell . 

The  acetic  acid  samples  were  transferred  from  the 
zone-refining  tubes  to  the  pressure  cell  in  the  following 
way,  using  a  dry  box  filled  with  nitrogen  gas  which  had 
been  dried  by  three,  12  inch  columns  of  molecular  sieve 
and  which  was  kept  dry  by  phosphorous  pentoxide  inside  the 
box.  The  zone-refining  tube  containing  the  acetic  acid 
sample  was  cooled  to  77°K  by  immersion  in  liquid  nitrogen, 
then  removed  from  the  liquid  nitrogen  and  very  quickly 
placed  in  the  entrance  chamber  of  the  dry  box.  Insulation 
was  provided  for  the  tube  in  the  entrance  chamber  so  that 
the  sample  would  not  melt  while  the  chamber  was  being 
evacuated  and  refilled  with  dry  nitrogen  gas.  As  soon  as 
the  entrance  chamber  had  been  filled  with  dry  nitrogen 
the  cold  tube  and  sample  were  transferred  into  the  dry 
box  and  the  tube  was  broken  open  such  that  the  bottom  40% 
of  the  sample  could  be  discarded  into  a  beaker  and  the  top 
60%  of  the  sample  could  be  melted  out  of  the  tube  into  a 
50  ml  round  bottom  flask.  The  whole  process  from  immersion 
in  liquid  nitrogen  till  the  tube  was  broken  open  took 
between  5  and  6  minutes  and  no  melting  of  the  sample  was 
ever  observed  during  that  time.  The  acetic  acid  was 
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allowed  to  melt  in  the  round  bottom  flask  until  only  a 
small  amount  of  solid  remained.  At  this  point  a  4  ml  sample 
was  taken  in  a  5  ml  syringe.  The  syringe  and  its  contents 
were  placed  inside  a  plastic  bag,  removed  from  the  dry  box, 
and  taken  three  or  four  feet  to  the  precooled  pressure 
vessel.  The  needle  of  the  syringe  was  poked  through  the 
plastic  and  into  the  cell,  the  sample  was  injected  into 
the  cell  where  it  froze  immediately,  and  the  piston  was  put 
into  the  cell.  After  the  sample  was  allowed  to  thoroughly 
cool  and  solidify  for  a  few  minutes,  the  pressure  was  applied 
to  compact  the  sample.  Once  the  pressure  within  the  cell 
reached  250  bars  it  was  assumed  that  no  contamination  from 
the  atmosphere  could  occur,  and  the  flow  of  nitrogen  gas 
over  the  surface  of  the  assembly  was  shut  off.  If  at  a 
later  time  the  pressure  needed  to  be  lowered  below  250  bars 
then  the  dry  nitrogen  gas  flow  was  always  restarted,  as  a 
precaution . 

The  syringe,  round  bottom  flask  and  beaker  were 
dried  in  an  oven  at  150°C  for  many  hours  before  placing 
them,  still  hot,  into  the  dry  box.  Before  being  dried  in 
this  way,  the  syringe  was  calibrated  using  water  at  its 
melting  point  as  a  standard  and  the  volume  of  acetic  acid 

3 

used  is  believed  to  be  known  to  ±0.1  cm  .  From  the  density 
(32)  and  volume,  the  weight  of  acetic  acid  used  for  each 
experiment  was  calculated. 

The  pressure  was  produced  by  a  20  ton  press  of 
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standard  design,  equipped  with  an  O-ring  oil  seal  on  the 
ram  instead  of  the  usual  leather  skirt.  The  pressure 
within  the  cell  was  determined  by  the  square  of  the  ratio  of 
the  radius  of  the  high  pressure  cylinder  (diameter  =  1.0015 
inches)  to  the  radius  of  the  ram  in  the  press  (diameter  = 

2.625  inches).  The  oil  pressure  was  measured  on  two,  factory- 
calibrated,  14  inch  Heise  Bourdon  gauges.  One  gauge 
covered  the  range  0  to  500  bars  and  the  other  0  to  100 
bars  with  stated  accuracies  of  0.5  and  0.1  bar, 
respectively.  Both  gauges  were  zeroed  before  a  run  and 
checked  again  after  a  run.  The  pressure  calibration  of 
the  whole  assembly  was  checked  by  measuring  the  ice  I - 1 1 1 
equilibrium  pressure  at  -25°C  and  comparing  the  result 
with  that  obtained  by  Kell  and  Whalley  (79).  Kell  and 
Whalley  reported  an  equilibrium  pressure  of  2098  bars 
at  -25°C  which  agrees  to  within  4  bars  with  the  results 
obtained  here.  This  agreement  is  very  slightly  poorer 
than  that  expected  from  the  accuracy  of  the  gauges. 

Volume  changes  were  determined  from  measurements 
of  the  distance  between  the  plattens  of  the  press.  Two 
Starrett  dial  gauges  (#656-617,  smallest  division  10  ^ 
inch)  were  accurately  set  diagonally  across  from  each 
other  at  the  corners  of  the  plattens,  equidistant  from 
the  center.  The  average  of  the  reading  of  the  two  gauges 
was  used  to  determine  the  change,  A1 ,  in  the  separation 
of  the  plattens,  and  the  volume  change,  AV,  was  calculated 
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using  the  equation:  AV  =  ttt  Al ,  where  r  is  the  radius  of 
the  pressure  cylinder  at  atmospheric  pressure.  The  volume 
changes  calculated  in  this  way  do  not  distinguish  between 
the  true  changes  in  the  sample  volume  and  changes  in  the 
separation  of  the  plattens  due  to  the  compressibility  in 
the  apparatus.  However,  the  volume  change  at  the  phase 
transition  was  measured  at  a  constant  pressure,  so  it  is  not 
affected  by  the  compression  of  the  apparatus. 

Temperature  control  was  achieved  by  circulating 
methanol,  from  a  Neslab  LT9  low- temperature  thermostat 
bath,  through  the  cooling  jacket  surrounding  the  cell,  by 
means  of  the  circulating  pump  on  the  thermostat  bath.  The 
hoses  through  which  the  methanol  flowed  were  insulated  and 
the  cooling  jacket  around  the  cell  was  also  insulated. 

The  temperature  of  the  cell  was  measured  by  a  copper- 
constantan  thermocouple,  with  the  reference  junction  at 
0°C  in  an  ice-water  slurry.  A  Honeywell  model  2733 
slide-wire  potentiometer  was  used  to  measure  the 
thermocouple  voltage  and  hence  the  temperature.  The 
temperature  measurement  was  calibrated  with  several  constant 
temperature  baths  from  +100°C  to  -80°C.  A  Hewlett-Packard 
2801A  quartz  crystal  thermometer  which  had  been  calibrated 
against  an  NBS  platinum  resistance  thermometer  was  used 
as  the  standard.  The  themocouple  voltages  above  and  below 
0°C  were  fitted  to  separate  quadratic  functions  of 
temperature  f  using  the  least  squares  technique,  and 
voltages  were  calculated  at  1  degree  intervals  from  -150 
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to  0 °C  and  from  0  to  150°C  and  arranged  in  a  table. 
Temperatures  were  then  determined  from  the  thermocouple 
voltages  by  interpolation  between  the  points  in  the  table 
and  they  agreed  to  within  0.1°C  with  those  given  by  the 
Hewlett  Packard  quartz  crystal  thermometer.  The  thermo¬ 
couple  was  placed  in  the  base  of  the  cell,  in  a  small 
hole  which  was  drilled  into  the  steel  block  as  shown  in 
Figure  2.  The  hole  was  then  sealed  around  the  thermocouple 
wire  in  order  to  prevent  coolant  liquid  from  coming  in 
contact  with  the  thermocouple.  The  temperatures  reported 
are  believed  to  be  those  of  the  sample  to  within  0.5°C 
and  were  constant  to  within  0.1°C  for  the  time  during 
which  measurements  were  made. 

2C.  Preparation  of  Acetic  Acid  II  and  Ground  Samples 

Acetic  acid  II  at  1  atmosphere  and  77°K  was 
required  for  the  X-ray  and  spectroscopic  studies,  and  was 
prepared  in  the  following  way.  Glacial  acetic  acid,  99.8% 
pure  was  loaded  into  a  piston-cylinder  high  pressure  cell 
and  pressurized,  using  the  techniques  described  in  Section 
2B.  The  high  pressure  cell  was  identical  to  that  described 
in  Section  2B,  except  that  the  lower  half  of  the  bore  was 
conically  tapered  so  that  the  diameter  at  the  bottom  of  the 
cylinder  was  0.010  inches  greater  than  that  half-way  up  the 
bore.  This  taper  facilitated  the  removal  of  the  sample  from 
the  cell.  The  cell  sat  in  a  metal  cup,  as  shown  in  Figure  3a, 
and  was  kept  at  about  -10^10°C  by  pouring  small  quantities 
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Figure  3b 


The  high  pressure  cell  used  to  prepare  (Figure 
3a)  and  recover  (Figure  3b)  acetic  acid  II. 

The  lettered  parts  of  the  cell  are  as  follows: 

A  -  the  pistons,  B  -  the  cylinder,  C  -  the 
sample,  D  -  hardened  steel  block,  E  -  the  back¬ 
up  rings  and  F  -  the  metal  cup. 


Figure  3. 
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of  liquid  nitrogen  into  the  cup  from  time  to  time.  The 
pressure  was  increased  to  2500  bars  and  left  for  one  hour 
to  ensure  that  the  acetic  acid  was  totally  transformed  to 
phase  II.  Liquid  nitrogen  was  then  poured  into  the  cup 
and  when  the  pressure  cell  had  been  cooled  to  77°K,  the 
pressure  was  released  to  atmospheric  pressure.  The 
pressure  cell  was  then  transferred  quickly  to  the  cup 
shown  in  Figure  3b,  which  contained  liquid  nitrogen, 
and  pressure  was  again  applied  to  force  the  sample  out  of 
the  cell  into  the  cup.  The  sample  was  then  placed  into  a 
screw- topped ,  glass  vial,  which  was  placed  inside  a  similar 
vial  and  stored  under  liquid  nitrogen  until  required. 

Samples  of  acetic  acid  II,  acetic  acid  I  and 
propionic  acid  were  ground  to  a  fine  powder  for  X-ray  and 
spectroscopic  study.  The  samples  were  powdered  at  liquid 
nitrogen  temperature,  either  by  a  Spex,  Freezer -Mill , 
power  grinder  or  by  hand-grinding  with  a  mortar  and  pestle. 
It  was  found  that  the  rapid  cooling  of  the  sample  to  77°K, 
in  the  pressure  vessel  for  acetic  acid  II  or  in  a  mortar 
for  acetic  acid  I,  usually  caused  the  resulting  crystals 
to  be  extremely  small.  Little  grinding  was  then  necessary 
to  convert  the  solid  obtained  to  a  fine  powder.  In  the 
grinding  process  it  was  necessary  to  take  precautions 
against  heating  the  sample.  This  was  especially  true 
with  the  power  grinder  when  acetic  acid  II  was  being  ground, 
since  the  sample  could  transform  back  to  acetic  acid  I  if 
the  temperature  increased  to  above  about  -60  C.  In  order 
to  prevent  the  temperature  from  increasing  significantly, 
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the  grinding  was  done  in  periods  of  10  to  30  seconds  with 
one  or  two  minutes  cooling  time  between  the  grinding  periods. 
When  the  grinding  was  complete,  the  powdered  sample  was 
placed  in  a  vial  inside  a  second  vial  and  was  stored  under 
liquid  nitrogen  until  required. 

All  manipulation  of  acetic  acid  II,  powdered 
acetic  acid  I  and  powdered  propionic  acid  was  carried  out 
on  a  table  in  an  uninsulated  can  containing  liquid  nitrogen 
using  long  tweezers  and  spatulas.  These  techniques  are 
described  more  fully  in  Section  2E. 

2D.  X-Ray  Experimental  and  Method 

The  X-radiation  was  produced  by  an  Enraf-Nonius 
"Diffractis  601”  generator.  Copper,  cobalt  or  chromium 
targets  were  used,  and  the  radiation  was  filtered  by 
sheets  of  nickel,  iron  or  vanadium  pentoxide  respectively 
to  remove  white  and  3  radiation  (80,  81).  The  resulting 

o 

Ka  radiation  had  wavelengths  of  1.5418  A  for  copper, 

o  ° 

1.7902  A  for  cobalt  and  2.2909  A  for  chromium  (80).  A 
Jarrel-Ash  precession  camera  was  used  as  a  flat-plate 
powder  camera.  The  X-ray  film  was  obtained  from  Ilford 
Ltd.  of  England  and  was  of  Industrial  G  quality.  The  sample 
to  film  distance  was  60.0  mm  and  was  calibrated  using 
sodium  chloride  powder  as  a  standard  at  295°K  (82)  and  ice 
Ih  at  1 2 0 °K  (83).  The  samples  were  contained  in  quartz 
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capillaries  with  an  internal  diameter  of  0.5  or  0.3  mm  and 
a  wall  thickness  of  0.01  mm.  The  capillaries  were  mounted 
on  the  goniometer  head  via  a  bakelite  adapter  designed  to 
shield  the  metal  goniometer  head  from  the  cold  nitrogen 
stream  ,  which  was  used  to  cool  the  sample. 

The  samples  were  prepared  as  described  in  Section 
2C,  and  all  operations  required  to  place  the  sample  into 
a  capillary  and  mount  it  on  the  goniometer  head  were 
carried  out  in  a  can  containing  boiling  liquid  nitrogen, 
as  described  in  Section  2E.  In  order  to  fill  a  capillary, 
it  was  placed  in  a  hole  in  a  brass  block  and  cooled.  The 
powder  was  then  carefully  transferred,  a  few  granules  at  a 
time,  into  the  capillary.  Long  metal  spatulas  were  used 
to  transfer  the  powder  and  very  thin  glass  rods  were  used 
to  pack  the  sample  firmly  into  the  capillary.  The 
capillary  was  then  mounted  in  the  bakelite  adapter  on  the 
goniometer  head  and  carried  to  the  X-ray  camera.  The 
capillary  was  immersed  in  liquid  nitrogen  while  being 
carried  to  the  camera,  and  as  soon  as  it  was  mounted  on  the 
camera  it  was  kept  cold  by  a  flow  of  cold  nitrogen  gas. 

This  flow  of  coolant  gas  was  maintained  continuously  and 
was  begun  at  least  one  half  hour  before  the  capillary  was 
mounted  in  place.  The  coolant  gas  was  produced  by  boiling 
liquid  nitrogen  and  conducting  the  cold  gas  through  a 
glass  dewar  tube  to  the  sample  site.  To  prevent  condensation 
of  water  onto  the  cold  capillary,  a  continuous  stream  of 
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warm,  dry  nitrogen  gas  surrounded  the  cold  stream  and 
flowed  coaxial  to  it.  In  this  way  the  sample  could  be 
maintained  between  room  temperature  and  100°K  for  periods 
of  up  to  24  hours. 

The  sample  temperature  was  measured  by  placing 
an  iron-constantan  thermocouple  near  the  sample  but  not 
in  the  path  of  the  X-ray  beam.  A  continuous  record  of 
the  temperature  was  kept  using  a  potent iometric  recorder 
and  the  variation  during  an  exposure  was  less  than  3°K. 

The  uncertainty  in  the  temperature  of  the  sample  is,  however, 
of  the  order  of  tlO°K  because  the  thermocouple  was  not  inside 
the  capillary  but  was  merely  close  to  it. 

The  exposure  times  varied  from  one  to  twelve  hours, 
due  to  differences  in  the  intensities  of  the  lines  being 
observed  and  differences  in  the  packing  of  the  sample  in 
the  capillary.  The  capillary  containing  the  sample  was 
mounted  on  an  axis  perpendicular  to  the  X-ray  beam  and 
was  rotated  about  that  axis  while  the  photographs  were 
being  taken.  The  rotation  of  the  capillary  helped  to  ensure 
that  reflections  from  all  possible  orientations  of  the 
crystals  were  recorded;  as  a  result  of  this  and  the  fineness 
of  the  powdered  samples,  the  lines  on  the  photograph 
showed  no  sign  of  spottiness  but  were  uniform  and  easily 
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2E.  Spectroscopic  Methods 

The  low- temperature  infrared  cell  is  illustrated  in 
Figure  4  and  consisted  of  two  main  parts:  an  inner  part 
and  an  outer  jacket.  The  inner  part  of  the  cell  consisted 
of  a  copper  block  (D) ,  which  was  machined  to  enable  it  to 
hold  the  infrared  windows  which  contained  the  sample,  a 
metal  tank  (B) ,  and  a  copper  tube  (C)  which  connected  the 
copper  block  to  the  tank.  The  tank  was,  in  fact,  a 
reservoir  for  liquid  nitrogen  which  acted  as  a  constant 
temperature  coolant  for  the  sample.  The  space  between 
the  inner  part  and  the  outer  jacket  was  evacuated  through 
the  vacuum  tap  (A)  and  the  vacuum  seal  between  the  two 
parts  of  the  cell  was  provided  by  two  greased  buna-N  O-rings. 
The  windows  (E)  in  the  outer  part  of  the  cell  were  also 
vacuum- sealed  using  buna-N  O-rings.  Typically,  the  cell 
could  be  evacuated  to  10  microns  or  better  in  5  to  10 
minutes.  The  window  material  used  was  polyethylene  or 
teflon,  and  all  of  the  windows  were  conically  tapered  with 
a  half  angle  of  3°  26'  in  order  to  eliminate  interference 
fringes . 

The  far  infrared  samples  consisted  of  the  finely 
ground  solid  mulled  with  liquid  propane  at  about  100°K.  In 
the  case  of  acetic  acid  II,  powder  X-ray  photographs  were 
taken  of  a  different  aliquot  of  the  same  powdered  solid  as 
was  used  for  the  infrared  spectra,  in  order  to  confirm  its 
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Figure  4.  The  cell  used  for  low  temperature  infrared 

spectra.  The  lettered  parts  of  the  cell  are 
as  follows:  A  -  the  vacuum  tap,  B  -  the 
metal  tank,  C  -  the  copper  tube,  D  -  the 
copper  block,  E  -  the  outer-jacket  windows 
and  F  -  the  solid  metal  wall  of  the  outer 
j  acket . 
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polymorphic  state.  The  preparation  of  the  powdered  solids 
is  described  in  Section  2C.  The  technique  used  to  prepare 
low- temperature  mulls  was  a  modification  of  the  technique 
developed  by  Bertie  and  V/halley (84 )  and  is  described  below. 

The  mulls  were  prepared  in  a  cold  can  which  was 
specifically  made  for  that  purpose  and  was  simply  an 
uninsulated  metal  container  with  a  metal  platform  in  it. 
Below  the  level  of  the  platform  was  a  continuously  boiling 
reservoir  of  liquid  nitrogen.  The  walls  of  the  cold  can 
reached  about  25  cm  above  the  level  of  the  platform,  so 
that  anything  sitting  on  the  platform  was  surrounded  by  an 
atmosphere  of  cold  dry  nitrogen  gas.  The  inner  part  of  the 
cell  containing  the  windows,  the  vial  for  the  mulling  agent, 
and  the  stand  for  the  windows,  were  cooled  for  one  half 
hour  in  the  cold  can  before  the  mulling  process  was  begun. 
Since  the  liquid  nitrogen  was  continuously  boiling,  more 
liquid  had  to  be  added  to  the  reservoir  from  time  to  time, 
and  the  continuous  flow  of  nitrogen  gas  out  of  the  cold  can 
prevented  any  condensation  of  water  onto  the  cold  apparatus 
within  the  can. 

After  the  equipment  in  the  cold  can  had  been  cooled, 
the  windows  were  removed  from  the  cell  and  laid  flat  on  the 
window  holder.  The  sample  was  then  brought  to  the  cold  can 
from  its  storage  dewar ,  and  the  vials  were  opened  using  long 
metal  tweezers  which  had  been  cooled  in  liquid  nitrogen. 

Then  a  long  metal  spatula,  whose  end  had  also  been  cooled 
in  liquid  nitrogen,  was  used  to  transfer  some  sample  onto 
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one  of  the  windows.  The  powdered  sample  was  usually  soaked 
in  liquid  nitrogen  and  had  the  texture  of  mud.  However, 
once  the  sample  was  deposited  onto  the  window,  the  nitrogen 
quickly  evaporated  leaving  a  little  pile  of  the  sample 
ready  for  mulling.  The  amount  of  sample  needed  for  a  mull 
var ied  greatly  with  the  intensity  of  absorption  required 
but  was  about  10  to  100  mg. 

The  mulling  agent  used  was  propane,  which  was 
condensed  from  a  cylinder  into  a  vial  in  the  cold  can. 

3 

About  10  drops,  or  0.5  cm  ,  of  propane  was  usually  condensed 
into  the  vial,  and  was  then  transferred  to  the  sample  on  the 
window  by  dipping  a  long  cold  spatula  into  the  liquid  and 
touching  the  window  with  it.  One  or  two  drops  of  the 
mulling  agent  were  thus  placed  on  the  window  beside  the 
sample,  and  within  a  few  seconds  spread  over  the  window 
surface  and  into  the  sample.  The  spatula  was  then  used  to 
mix  the  powdered  sample  and  the  mulling  agent  together. 

The  propane  remained  a  liquid  while  in  the  cold  can,  even 
though  the  melting  point  of  propane  is  6°  warmer  than  the 
boiling  point  of  nitrogen. 

It  was  found  that  the  amount  of  propane  used  was 
crucial  to  obtaining  a  mull  of  the  desired  absorbance. 

Too  little  propane  made  the  mull  lumpy  whereas  too  much 
propane  washed  the  sample  off  the  window  when  the  windows 
were  pressed  together  in  the  cell.  When  the  correct  amount 
of  mulling  agent  was  mixed  with  the  powdered  sample,  it  took 
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on  the  consistency  of  a  thick  slush  and  would  flow  somewhat 
on  the  windows  but  was  not  fluid  enough  to  drain  off. 

In  order,  then,  to  obtain  a  smooth,  uniform  layer 
of  sample  on  the  window  surface,  the  spatula  was  used  to 
spread  out  the  material  into  approximately  the  desired 
position.  Then  the  other  window  was  set  on  top  of  the  mull 
to  sandwich  it  between  the  two  windows.  The  top  window 
had  a  small  indent  into  which  the  points  of  a  cold  pair  of 
tweezers  were  placed,  and  the  top  window  was  rubbed  over 
the  bottom  one  to  do  the  final  smoothing  of  the  mull.  If 
this  process  was  continued  too  long,  though,  it  tended  to 
squeeze  the  mull  out  from  between  the  windows.  Since 
polyethylene  or  teflon  windows  were  used  it  was  not  possible 
to  see  the  actual  mull,  and  this  made  it  difficult  to 
know  when  to  stop  smoothing  but  with  experience,  this  method 
gave  very  good  mulls  which  consistently  had  the  desired 
absorbance . 

Once  the  mull  was  prepared,  the  windows  were 
mounted  into  the  copper  block  and  held  in  place  by  squeezing 
them  between  two  copper  surfaces,  in  the  center  of  which 
were  rectangular  apertures.  The  one  surface  was  part  of 
the  copper  block  whereas  the  other  surface  was  removeable 
and  was  held  in  place  by  a  spring  soldered  to  a  copper  ring 
which,  in  turn,  was  screwed  to  the  copper  block.  At  this 
point  the  inner  part  of  the  cell  and  the  outer  jacket  were 
ready  to  be  joined.  The  outer  jacket,  which  was  warm  and 
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which  had  been  purged  for  at  least  one  half-hour  with  dry 
nitrogen  gas,  was  placed  into  a  special  side  arm  of  the  cold 
can  which  was  also  filled  with  dry,  cold  nitrogen  gas.  To 
make  sure  that  the  sample  remained  cold,  a  small  amount  of 
liquid  nitrogen  was  poured  into  the  tank  of  the  inner  part 
of  the  cell.  The  two  parts  were  then  joined  ensuring  that 
the  copper  block  containing  the  sample  stayed  inside  the 
cold,  dry  atmosphere;  the  vacuum  tap  was  opened  and  the 
cell  was  removed  from  the  cold  can.  The  liquid  nitrogen 
tank  was  then  completely  filled  and  the  cell  was  allowed  to 
stand  until  it  was  evacuated  to  a  pressure  of  10  microns. 
Since  the  windows  in  the  cell  were  opaque  to  visible 
light,  the  windows  containing  the  sample  were  aligned 
parallel  to  the  outer  windows  by  rotating  the  inner  part 
until  marks  on  the  two  parts  of  the  cell  were  aligned. 

When  the  pressure  in  the  cell  was  10  microns,  the 
vacuum  tap  was  closed  and  the  cell  was  taken  to  the 
interferometer  where  it  was  connected  to  another  vacuum  line 
to  ensure  that  the  pressure  stayed  below  10  microns.  The 
liquid  nitrogen  tank  of  the  cell  required  refilling  every 
three  hours  but  normally  it  was  kept  at  least  half  full  all 
of  the  time. 

Far  infrared  interf erograms  were  obtained  from  a 
Beckman-RIIC  FS720  interferometer,  equipped  with  a 
continuous,  Moire  drive  system  (85).  Five  mylar  beam 
splitters  of  thickness  6,  12,  24,  48  and  96  microns  were 
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used  in  conjunction  with  four  high-frequency  cut-off  filters 
in  order  to  investigate  the  spectral  region  from  360  to  10 
cm  ■*" .  The  interferometer  was  evacuated  to  at  least  50 
microns  to  remove  water  vapor  before  int erf erograms  were 
recorded,  but  the  pressure  was  usually  less  than  20  microns. 
The  pressure  in  the  interferometer,  and  that  in  the  cell, 
were  continuously  monitored  using  model  G6A  Pirani  Gauge 
Heads  connected  to  model  B5  Speedivac -Gauges . 

The  interf erograms  consisted  of  the  intensity  of 
radiation  reaching  the  Golay  Detector  at  uniformly  spaced 
values,  between  +X  and  -X  cm,  of  the  path  difference 
between  the  two  beams  of  the  interferometer  (86,  87).  The 
intensities  were  digitized  and  automatically  punched  onto 
computer  cards.  They  were  then  Four ier- transformed  by  the 
I.  B.  M.  model  360/67  computer,  using  the  program  BOBS  IV 
which  was  written  in  this  laboratory  by  Bertie,  Othen, 

Brooks  and  Sunder.  The  program,  written  originally  in 
Fortran  IV,  performs  sine  and  cosine  Fourier  transformations 
of  the  intensities  and  determines  the  intensity  at  wave 
number  v  as  the  square  root  of  the  sum  of  the  squares  of 
the  sine  and  cosine  transforms  at  that  wave  number.  In 
simple  terminology  this  procedure  transforms  the  intensities 
from  the  distance  domain  (an  interf erogram)  to  the  wave 
number  domain  (a  spectrum)  (88) .  In  order  to  prevent 
spurious  peaks  from  being  introduced  into  the  spectra  so 
obtained  because  of  the  truncation  of  the  inter f erograms , 
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the  interf erograms  were  apodized  using  a  triangular  apodizing 
function  (86) . 

The  BOBS  IV  program  allows  the  interf erograms  to  be 
trans formed s ingly ,  and  plotted  as  intensity  versus  wave 
number  or  sample  and  reference  interf erograms  may  be  used 
and  the  resulting  spectra  are  ratioed  to  yield  a  plot  of 
absorbance  versus  wave  number.  Further,  the  program  allows 
several  absorbance  spectra  to  be  averaged  together  to  reduce 
noise,  and  the  averaged  spectrum  is  plotted.  When  a 
reference  interf erogram  was  desired  the  cell  was  prepared 
in  the  way  described  earlier,  except  that  only  propane 
was  placed  between  the  windows. 

The  resolution  obtained  in  the  spectra  equals  1/X 
cm  1,  where  X  cm  is  the  maximum  path  difference,  if  the 

i 

inter f erogram  is  not  apodized.  However,  triangular  apodiza- 
tion  lowers  the  resolution  by  50%  so  the  resolution  in  this 
work  was  given  by  1.5/X  cm  ^ .  The  resolution  used  in  the 
region  350  to  100  cm  ^ ,  which  was  covered  in  a  single 
interf erogram  taken  with  the  6  micron  thick  beam  splitter, 
was  3.0  cm~l  but  below  100  cm  \  where  the  12,  24,  48  and 
96  micron  beam  splitters  were  used,  the  resolution  was  better 
than  2.0  cm-1.  This  is  because  the  path  difference  between 
sampling  points  must  be  less  than  or  equal  to  1/2  vmax ,  so 
that  when  only  low  frequencies  are  studied  the  sampling 
interval  is  increased  making  it  convenient  to  increase  the 
maximum  path  difference  (and  resolution)  without  increasing 
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the  number  of  data  points.  The  frequency  accuracy  of  the 
interferometer  has  been  calibrated  several  times  by  others 
in  this  laboratory  (89).  The  spectra  of  water  vapor, 
hydrogen  chloride  and  methyl  chloride  have  shown  the 
frequency  to  be  accurate  to  at  least  ±0.2  cm  ^ . 

The  temperature  of  the  sample  was  not  measured  but 
it  can  be  estimated  in  the  following  wray.  The  melting 
point  of  propane  is  83°K  (5)  and  the  vapor  pressure  of 
propane  is  about  10  microns  at  103°K  and  0.01  microns  at 
77°K  (84).  Therefore,  if  the  temperature  of  the  samples 
had  been  higher  than  100°K,  the  propane  would  have 
evaporated,  and  below  83°K  it  would  have  solidified. 

When  the  cell  was  dismantled  after  taking  spectra,  propane 
was  always  found  in  the  mull,  and  if  the  propane  had 
solidified  while  a  spectrum  was  being  recorded  a  significant 
drop  in  intensity  would  have  been  observed.  The  conclusion 
being,  then,  that  the  temperature  of  the  mulls  was  in  the 
range  92±10°K. 
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Chapter  3.  The  Phase  Diagram  of  Acetic  Acid  Below  0°C 


The  methods  used  to  study  the  phase  diagram  of 
acetic  acid  below  0°C  and  the  results  obtained  are 
presented  and  discussed  in  this  chapter. 

3A.  Methods 

The  acetic  acid  was  put  into  the  high-pressure 
cell  and  pressurized  in  the  way  described  in  Section  2B. 
After  the  apparatus  had  stabilized  at  the  desired  tem¬ 
perature,  the  pressure  was  increased  by  50  to  100  bars 
every  eleven  minutes,  and  the  dial  gauge  and  pressure 
readings  were  taken  ten  minutes  after  the  pressure 
change  (measured  by  stop-watch) .  This  time  period  was 
chosen  because  the  slow  changes  in  the  pressure  and  dial 
gauge  readings  which  always  follow  a  pressure  change  had 
become  extremely  slow  after  10  minutes.  The  onset  of 
the  acetic  acid  I  to  II  phase  transition  was  indicated 
by  a  deviation  of  the  dial  guage  readings  from  the  line 
formed  by  the  data  previously  taken  on  a  graph  of 
pressure  against  dial  gauge  readings.  Once  the  phase 
transition  began  to  occur,  dial-gauge  and  pressure 
readings  were  taken  every  10  minutes  without  pumping 
any  oil  into  the  press  until  the  phase  transition  was 
completed  or  until  the  pressure  became  steady.  The 
pressure  was  then  increased  in  the  usual  way  a  few 
hundred  bars  past  the  phase  transition  and  then  allowed 
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to  sit  for  at  least  one  hour  before  the  pressure  was 
decreased.  The  entire  phase  transition  took  between  30 
and  50  minutes  and  the  platten  movement  amounted  to 
about  three  thousandths  of  an  inch.  The  acetic  acid  II 
to  I  phase  transition  was  then  measured  in  the  same  way, 
except  that  oil  was  removed  from  the  press  by  way  of  a 
release  valve  rather  than  pumped  into  the  press. 

When  the  phase  transition  measurements  were 
completed,  the  pressure  was  released  until  the  upper 
piston  no  longer  touched  the  top  platten.  At  that  point 
the  zero  pressure  reading  was  read  from  the  pressure 
gauge.  The  usual  zero  pressure  reading  was  1.2  to  1.4 
bars  oil  pressure  and  was  subtracted  from  all  pressure 
readings  taken  during  the  measurements. 

One  of  the  limitations  in  the  quality  of  the 
results  obtained  was  the  difficulty  in  recognizing  that 
the  transition  had  started  in  time  to  study  it  in  detail. 

A  phase  transition  often  does  not  start  until  the 
pressure  is  somewhat  higher  than  that  required  to  keep 
the  transition  occurring  once  it  has  started,  but  once 
the  transition  is  initiated,  the  pressure  drops  back  and 
the  pistons  move  closer  together.  Accurate  measurements 
of  the  transition  pressure  can  be  obtained  if  the  pressure 
is  allowed  to  drop  as  far  as  it  will,  then  the  pressure 
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is  increased  slightly  by  pumping  more  oil  into  the  press 
and  the  pressure  is  allowed  to  drop  as  far  as  it  will, 
and  this  process  is  repeated  with  the  pressure  dropping 
to  the  same  value  each  time.  For  the  acetic  acid  I  to 
II  transition  studied  in  this  work,  however,  the  volume 
change  at  the  transition  was  only  about  1.51  of  the 
volume  at  atmospheric  pressure,  so  the  transition  was 
often  very  nearly  completed  by  the  time  the  pressure 
had  dropped  from  that  which  was  required  to  initiate 
the  transition.  When  the  pressure  was  then  raised 
slightly,  the  transition  was  completed  and  the  pressure 
did  not  drop  back  to  the  same  pressure  as  it  reached  on 
its  initial  drop.  This  is  illustrated  by  the  graph  of 
pressure  against  volume  change  shown  in  Figure  5.  In 
this  case  one  can  only  select  the  single  point  at  the 
lowest  pressure  reached  during  the  I  to  II  transition 
and  assume  that  it  is  the  correct  minimum  pressure 
required  to  keep  the  I  to  II  transition  running.  The 
same  principles  apply  when  the  II  to  I  transition  is 
being  measured,  but  the  effect  is  the  reverse  of  that 
experienced  in  the  I  to  II  transition,  as  shown  in 
Figures  5  and  6.  The  transition  pressure  was  somewhat 
better  defined  during  other  measurements  in  this  work, 
an  example  of  which  is  shown  in  Figure  7,  but  an  un- 
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PRESSURE  (BARS) 


Figure  5.  Graph  of  volume  change  vs.  pressure  for  the 

phase  transition  occuring  at  0°C.  The  arrows 
indicate  the  sequence  in  which  consecutive 
points  were  taken.  The  points  represented  by 
circles  illustrate  the  increasing  pressure 
phase  transition  and  the  squares  represent 
the  decreasing  pressure  phase  transition. 
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Figure  6.  Graph  of  volume  change  vs.  pressure  for  the 

phase  transition  occuring  at  0°C.  The  arrows 
indicate  the  sequence  in  which  consecutive 
points  were  taken.  The  points  represented  by 
circles  illustrate  the  increasing  pressure 
phase  transition  and  the  squares  represent 
the  decreasing  pressure  phase  transition. 


2tjJ 


VOLUME  CHANGE  (cm?) 


67 


PRESSURE  (BARS) 


Figure  7.  Graph  of  volume  change  vs_.  pressure  for  the 

phase  transition  occuring  at  0°C.  The  arrows 
indicate  the  sequence  in  which  consecutive 
points  were  taken.  The  points  represented  by 
circles  illustrate  the  increasing  pressure 
phase  transition  and  the  squares  represent 
the  decreasing  pressure  phase  transition. 
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certainty  does  remain  in  the  results  because  of  this 
effect.  In  order  to  minimize  the  effect,  the  piston  in 
the  hydraulic  ram  was  kept  very  close  to  the  bottom  of 
the  ram,  to  minimize  the  volume  of  compressed  oil  under 
the  piston.  The  use  of  relatively  long  samples  to 
maximize  the  linear  displacement  during  the  transition 
also  relieves  this  problem.  The  samples  used  were 
between  three  and  four  millimeters  long.  This  length 
was  chosen  because  with  shorter  samples  the  piston 
movement  was  too  small  to  be  precisely  measured  and 
with  longer  samples  the  frictional  effects  due  to  non¬ 
hydrostatic  conditions  became  so  large  that  no  advantage 
was  gained. 

3B.  Results  and  Discussion  of  the  Phase  Diagram  Work 
The  transition  pressures  of  the  acetic  acid  I 
to  II  and  II  to  I  phase  transitions  were  obtained  at 
several  temperatures  by  the  methods  described  in  Sections 
2B  and  3A,  and  are  presented  in  Table  7  and  Figure  8. 

The  equilibrium  pressure  is  usually  (90)  found  by 
averaging  the  pressures  of  the  I  to  II  and  the  II  to  I 
transitions,  on  the  assumption  that  the  hysteresis 
effects  are  symmetrical.  The  equilibrium  pressures  so 
obtained  are  also  listed  in  Table  7  and  shown  in  Figure 
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Table  7  continued 


Other  Workers 


Tamman 


Bridgman 


Temperature 

C°c) 


Equilibrium  Transition 
Pressure  (bars) 


10.01 

0.00 

-20.7 


1307±69 

1123±25 

750183 


0.0 


1064 


71 


Figure  8.  The  pressure- temperature  phase  diagram  of 

solid  acetic  acid.  The  circles  represent  the 
equilibrium  phase  transition  line  and  the 
squares  and  triangles  represent  the  observed 
phase  transitions.  If  the  time  interval 
between  readings  was  11  minutes,  a  square  is 
used,  if  6  minutes  a  triangle  is  used. 


8,  and  where  indicated,  the  pressures  listed  are  the 
average  of  the  values  obtained  at  that  temperature. 

The  transition  pressures  were  read  from  graphs  of  the 
volume  change  plotted  against  pressure  with  a  precision 
of  t  2  bars,  but  the  reproducibility  found  in  different 
experiments  at  the  same  temperature  decreased  as  the 
temperature  was  lowered  but  was  of  the  order  of  t  25 
bars.  Better  reproducibility  might  have  been  achieved 
if  the  piston  had  been  oscillated  to  reduce  friction. 

The  equilibrium  transition  pressure  found  at 

0°C  is  useful  for  comparison  with  those  of  previous 

workers.  Tammann  (2)  reported  1145  Kg/cm  ,  which  is 

equivalent  to  1123  bars,  and  Bridgman  (3)  reported  1074 
2 

Kg/cm  which,  when  corrected  for  the  error  in  his 

2 

pressure  calibration  (91,92),  is  1085  Kg/cm  and  is 
equivalent  to  1064  bars.  The  value  1135  bars  reported 
in  his  work  is  the  average  of  ten  experiments,  and  has 
been  carefully  checked  because  it  is  higher  than  either 
of  those  previously  reported.  Bridgman  claimed  that  his 
samples  were  more  pure  than  those  of  Tammann  (2)  and 
assumed  that  the  greater  purity  resulted  in  a  lower  and 
more  correct  phase  transition  pressure.  In  order  to 
check  Bridgman's  (3)  claim,  three  experiments  were  done 
using  a  sample  to  which  a  small  amount  of  water  had  been 
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added.  The  result  was  that  the  pure  samples  gave  an 
equilibrium  transition  pressure  20  bars  higher  than  the 
impure  samples.  This  experimental  evidence,  along  with 
the  fact  that  this  work  agrees  reasonably  well  with 
that  of  Tammann  (2)  (Table  7)  and  that  the  pressures  at 
other  temperatures  with  different  samples  are  consistent 
with  a  transition  pressure  of  1135  bars  at  0°C,  provides 
the  basis  for  concluding  that  Bridgman’s  (3)  value  for 
the  transition  pressure  at  0°C  is  incorrect.  This  is 
not  entirely  surprising  since  Bridgman  (3)  only  did  a 
single  experiment  to  measure  the  phase  transition  at 
0°C. 

It  is  clear  from  the  results  presented  in  Figure 
8  that  acetic  acid  II  can  not  be  formed  from  acetic  acid 
I  at  less  than  about  800  bar  in  a  reasonable  time.  The 
reason  for  the  sharp  increase  in  the  I  to  II  transition 
pressure  as  temperature  decreases  is  not  known,  but  it 
could  well  be  due  to  a  rapid  decrease  in  the  rate  of 
the  transition  with  decreasing  temperature,  and  is 
probably  not  an  equilibrium  effect.  Acetic  acid  II  is 
metastable  up  to  about  -35°C  at  atmospheric  pressure 
and  judging  from  the  extrapolation  of  the  equilibrium 
line,  phase  II  is  the  stable  phase  below  about  -60°C  at 
one  atmosphere,  even  though  it  can  not  be  formed  by 
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cooling  phase  I  to  that  temperature. 

The  thermodynamic  parameters  for  the  transition 

were  also  calculated  and  compared  with  those  reported 

by  Bridgman  (3)  as  shown  in  Table  8.  The  slope  of  the 

equilibrium  line  of  the  phase  transition,  dP/dT,  equals 

18.2  t  0.9  bars/degree  whereas  the  value  reported  by 

Bridgman  (3)  was  18.4  bars/degree.  Using  the  Clapeyron 

equation:  AS  =  AV  dP/dT,  it  is  possible  to  calculate 

AS,  the  entropy  of  acetic  acid  II  minus  that  of  acetic 

acid  I,  and  hence  to  calculate  AH,  the  enthalpy  change, 

since  the  free  energy  is  constant  during  a  reversible 

phase  transition  and  AH  =  TAS.  The  values  measured  for 

AV,  the  volume  of  phase  II  minus  that  of  phase  I,  were 

taken  from  graphs  similar  to  those  shown  in  Figures  5, 

3 

6  and  7,  with  an  uncertainty  of  about  1  0.003  cm  which, 
corrected  for  the  mass  of  the  sample,  corresponds  to 
±  0.0007  cm^/g.  Bridgman's  (3)  value  of  0.0140  cm^/g, 
for  the  volume  change  at  0°C  agrees  with  the  value  ob- 
tained  in  this  work,  0.0138  cm  /g,  within  the  specified 
uncertainty.  Table  8  gives  the  thermodynamic  parameters 
of  the  phase  transition  calculated  at  0,  -10  and  -20°C, 
and  the  uncertainty  in  the  values  listed  is  about  7  or 
8%. 
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Table  8.  Thermodynamic  Parameters  for  the  Solid  Acetic 
Acid  Phase  Transition 


Temperature 

(°C) 

AV 

(cm3/g) 

AS 

(cal/mole  deg.) 

AH 

(cal/mole) 

0 

-0.0138 

-0.361 

-98.5 

-10 

-0.0141 

-0.368 

-97.0 

-20 

-0.0143 

-0.374 

-94.6 

Bridgman ’ s 

reported  values 

:  dP/dT  =  18.4 

bars/degree 

0 

-0.0140 

-0.369 

-100.8 

Chapter  4.  A  Discussion  of  the  X-ray  Measurements  on 


Acetic  Acid  Powdered  Solids 
The  X-ray  diffraction  patterns  of  powdered 
acetic  acid  I  and  acetic  acid  II  are  discussed  in  this 
chapter  to  interpret  and  evaluate  the  data  obtained. 

Samples  of  acetic  acid  I  and  II  were  prepared, 
and  X-ray  diffraction  patterns  were  obtained  as  des¬ 
cribed  in  Sections  2C  and  2D.  Four  diffraction  pattern 
photographs  were  taken  of  acetic  acid  I,  using  CuKa 
radiation, in  order  to  evaluate  the  results  obtained 
using  powder  techniques  by  comparing  them  with  those 
obtained  from  single  crystals,  and  in  order  to  distin¬ 
guish  between  the  diffraction  patterns  of  acetic  acid  I 
and  acetic  acid  II.  Eight  photographs  of  the  acetic 
acid  II  diffraction  pattern  were  obtained,  five  using 
CuKa,  two  using  CoKa  and  one  using  CrKa  radiation. 

These  photographed  X-ray  diffraction  patterns  consisted 
of  concentric  rings  whose  inside  and  outside  diameters 
were  measured  and  averaged  to  obtain  the  diameter  of 
the  ring,  D.  The  diffraction  angle,  0,  was  calculated 
from  the  equation 

D/2S  =  tan  20 

where  S  is  the  sample- to-film  distance,  60.0  mm.  The 


76 


. 


77 


inter-planar  spacings ,  usually  called  the  d-spacings, 
d,  were  then  calculated  from  the  Bragg  Equation 

d  =  A/2  sin  0 

where  A  is  the  wavelength  of  the  diffracted  radiation. 
The  values  obtained  for  the  d-spacings  of  acetic  acid  I 
and  II  are  listed  in  Tables  9  and  10,  respectively. 

The  patterns  were  clearly  distinct  and  allow  acetic 
acid  II  to  be  recognized. 

The  relative  intensities  of  the  lines  produced 
by  radiation  diffracted  by  acetic  acid  II  were  measured 
by  a  Joyce  MK.  Ill  C  double  beam  recording  microdensito¬ 
meter.  The  areas  under  the  peaks  on  the  microdensito¬ 
meter  trace  were  taken  to  be  proportional  to  the  line 
intensities,  and  the  intensities  in  Table  10  were  ob¬ 
tained  by  multiplying  the  ratio  of  the  area  under  a  peak 
to  the  area  under  the  largest  peak  by  100. 

The  observed  d-spacings  for  acetic  acid  I  at 
100°K  were  indexed  using  the  Hesse-Lipson  method  (93, 

94)  in  which  the  diffraction  lines  of  a  powdered  unknown 
orthorhombic  crystal  can  be  assigned  Miller  indices,  h, 
k,  and  l.  The  indexed  lines  were  used  to  calculate  the 
unit  cell  parameters  which  were  refined  by  a  least 
squares  procedure  using  the  computer  program  DREFINE 
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Table  9,  X-ray  Powder  Diffraction  Data  for  Acetic  Acid  I  at 
100°K  and  Atmospheric  Pressure. 


o 


line 

d  (A) 

observed  ± 
mean  deviation 

d  (A) 

calculated 

d  -  d  , 

obs  o  calc 

(A) 

hk£  no.  of 

• 

photographs 

1 

6.641±0.018 

6.626 

0.015 

200 

4 

Cu 

2 

4.348±0.011 

4.359 

-0.011 

201 

4 

Cu 

3 

3.391±0.004 

3.374 

0.017 

210 

4 

Cu 

4 

3 . 257±0 . 003 

3.246 

0.011 

Oil 

4 

Cu 

5 

3 . 155±0 . 004 

3.152 

0.003 

111 

4 

Cu 

6 

2.917±0.013 

2.915 

0.002 

211 

3 

Cu 

7 

2.857±0.005 

2.875 

-0.018 

401 

2 

Cu 

8 

2 . 628±0 . 004 

2.615 

0.013 

311 

3 

Cu 

9 

2.300±0.005 

2.292 

0.008 

112 

4 

Cu 

10 

2.174±0.003 

2.179 

-0.005 

402 

4 

Cu 

11 

2.055±0.001 

2.053 

0.002 

511 

4 

Cu 

12 

1.955+ 

1.960 

-0.005 

020 

1 

Cu 

13 

1.9281 

1.939 

-0.011 

120 

1 

Cu 

14 

1.902+0.001 

1.905 

-0.003 

412 

2 

Cu 

15 

1.844+0.001 

1.839 

0.005 

121 

2 

Cu 

16 

1.798+ 

1.792 

0.006 

320 

1 

Cu 

(Table  continued) 
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Table  9  continued 


Acetic  Acid  I  unit  cell  parameters 
orthorhombic;  4  molecules/unit  cell 


2  7  8°  K* 

100°  K 

83°K* 

o 

o 

o 

a  =  13 , 310±0 . 001 

A 

a  =  13 . 25±0 . 05 

A 

a  =  13.214+0.001 

A 

b  =  4 . 090±0 . 00 1 

o 

A 

b  =  3 . 9  2±  0 . 0 1 

O 

A 

b  =  3. 92 4± 0.001 

O 

A 

c  =  5 . 769± 0 . 00 1 

o 

A 

c  =  5 . 79±0 . 0 2 

o 

A 

c  =  5.766±0.001 

O 

A 

v  =  78.5  (A)3 

v  =  75.2  (A)3 

v  =  74.8  (A)3 

V  ~  molecular  volume 
*  Data  taken  from  reference  18 
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(95).  The  refined  unit  cell  parameters  were  then  used 
to  calculate  d-spacings  and  the  differences  between 
the  observed  and  calculated  d-spacings  (column  4  of 
Table  9)  were  used  as  an  indication  of  the  reliability 
of  the  derived  cell  parameters,  which  are  compared  in 
Table  9  with  parameters  obtained  from  single  crystal 
work  at  278  and  83°K  (18).  The  agreement  is  good.  The 
uncertainties  in  the  cell  parameters  at  100°K  were  cal¬ 
culated  by  the  program  DREFINE. 

The  diffraction  patterns  expected  for  acetic 
acid  I  at  278°K  and  83°K  were  calculated  from  data 
reported  by  Nahringbauer  (18),  as  shown  in  Table  11, 
and  were  compared  with  that  found  in  this  work  to  deter¬ 
mine  the  reliability  of  the  powder  method.  The  line 
intensities  were  calculated  as  the  integrated  cross- 
sectional  optical  density  by  the  equation  (96) 


2 


?  ft  1 


1  +  roc; 


cos  2  0 


where  m  is  the  multiplicity  and  FhJa  is  the  structure 
factor  of  the  reflection  plane.  The  line  intensities 
observed  agree  qualitatively  with  those  calculated,  and 
it  is  clear  that  many  lines  on  the  powder  pattern  are 
due  to  more  than  one  set  of  reflections. 


. 


. 


Table  11.  Powder  diffraction  patterns  of  Acetic  Acid  I 


at  278  and  83°K,  calculated  from  the  cell 
parameters  and  structure  factors  reported  by 


Nahringbauer  (18) 


278°K 

00 

Ul 

0 

line 

hk£ 

d  (A) 

Relative 

d  (A) 

Relative 

Intensity 

Intensity 

1 

200 

6.660 

89 

6.607 

72 

2 

201 

4.361 

100 

4.348 

100 

3 

210 

3.479 

25 

3.377 

53 

4 

Oil 

3.331 

35  j 

•  48 

3.247 

"I 

57 

400 

3.327 

13i 

l 

3.303 

10) 

5 

111 

3.231 

44 

3.155 

52 

6 

310 

3.007 

4 

}  36 

2.933 

4 

32 

211 

2.983 

32 

s 

2.917 

28 

* 

7 

401 
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1 

(Table  continued) 
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Table  11  continued 

278°K  83°  K 


line 

hk* 

d  (A) 

Relative 

Intensity 

d  (A) 

Relative 

Intensity 

12 

^  020 

13 

120 

2.016 

2 

1.941 

3 

14 

412 

1.924 

3 

1.904 

4 

15 

121 

1.904 

5 

1.841 

6 

16 

320 

1.854 

2  ) 

1.793 

3 

221 

1.851 

1  5 

203 

1.848 

2  ) 

(a) 

structure 

factors 

were  not  given 

for 

this  reflection 

• 
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Even  though  the  unit  cell  symmetry  of  acetic 
acid  II  was  unknown,  the  Hesse-Lipson  method  was  applied 
in  an  attempt  to  index  the  diffraction  pattern  on  the 
basis  of  orthorhombic  symmetry.  The  lines  were  indexed 
and  cell  parameters  were  calculated,  but  the  agreement 
between  calculated  and  observed  d-spacings  was  sig¬ 
nificantly  poorer  than  that  found  for  acetic  acid  I. 
Further,  the  calculated  molecular  volume  was  approx¬ 
imately  51  larger  than  that  found  for  acetic  acid  I 
under  the  same  conditions,  instead  of  being  about  1.5% 
smaller  as  was  expected  since  the  volume  change  at  the 
phase  transition  at  0°C  was  found  to  be  about  1.5% 
(Chapter  3  and  reference  3).  However,  it  was  subsequen¬ 
tly  found  that  by  allowing  the  unit  cell  to  have  mono¬ 
clinic  symmetry  and  reassigning  some  of  the  diffraction 
pattern  lines,  much  better  agreement  between  observed 
and  calculated  d-spacings  was  obtained  and  the  molecular 
volume  was  approximately  1.5%  smaller  than  that  of 
acetic  acid  I  under  the  same  conditions.  Therefore,  it 
was  concluded  that  the  unit  cell  given  in  Table  10, 
containing  16  molecules  and  having  monoclinic  symmetry, 
provides  an  adequate  fit  and  is  the  best  fit  obtainable 
using  these  methods. 


}  3fi  oil 


Chapter  5.  The  Far  Infrared  Spectra  of  Acetic  I,  Acetic 


Acid  II  and  Propionic  Acid 
The  far-infrared  spectra  obtained  in  the  present 
work  are  presented  in  Section  5B  and  discussed  in 
Section  5C.  Section  5A  presents  a  theoretical  analysis 
of  the  inter-monomer  vibrations  of  acetic  acid  I,  which 
has  not  been  presented  previously  and  is  required  in 
order  to  attempt  to  assign  the  spectrum  in  a  more  satis¬ 
factory  way  than  has  been  done  previously. 

5A.  Analysis  of  the  inter-monomer  vibrations  of  acetic 
acid  I 

As  was  described  in  Section  ID,  acetic  acid  I 

is  known  to  exist  as  long  chain  hydrogen-bonded  polymers, 

q 

which  crystallize  in  the  space  group  Pna21-C2y,  with 
two  monomers  in  each  of  two  chains  in  the  unit  cell. 

The  unit  cell  group  (64)  is  isomorphous  to  the  point 
group  C2y. 

The  absorption  by  the  internal  vibrations  of 
the  acetic  acid  monomer  units  can  be  analyzed  by  con¬ 
sidering  only  a  single  chain,  as  discussed  in  Section 
ID.  The  implication  of  this  is  that  the  hydrogen  bond 
forces  within  a  chain  are  much  more  important  than  the 
van  der  Waals'  forces  between  the  chains.  If  only  a 
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single  chain  is  considered,  there  are  two  monomers  per 
unit  cell  and  the  unit  cell  group  is  isomorphous  with 
the  point  group  Cg ,  in  which  all  the  vibrations  are 
infrared  active.  If  the  single-chain  approximation  is 
applied  to  the  inter-monomer  vibrations,  twelve  vib¬ 
rations  are  expected,  but  three  of  them  are  the  simple 
translations  of  the  chain  and  another  is  a  simple 
rotation  of  the  chain  and  the  frequencies  of  these  four 
vibrations  must  be  assumed  to  be  very  small  compared 
to  those  of  the  other  eight  vibrations.  These  eight 
remaining  vibrations  of  a  single  chain  involve  bending 
and  stretching  of  the  hydrogen  bond  and  are  expected  to 
have  frequencies  above  about  50  cm  ^ .  In  polyethylene 
the  inter-chain  vibrations  have  frequencies  between  70 
and  100  cm  \  so  it  must  be  anticipated  that  the  inter¬ 
chain  vibrations  of  acetic  acid  will  have  similar 
frequencies.  Therefore  the  single-chain  approximation 
is  not  expected  to  be  useful  for  the  inter-monomer  vib¬ 
rations  and  the  full  unit  cell  must  be  taken  into  ac¬ 
count  . 


In  acetic  acid  I,  the  twelve  inter-monomer  vib¬ 
rations  of  the  single  chain  become  twenty-four  vibrations 
in  the  full  unit  cell,  three  of  which  are  the  simple 
translations  of  the  unit  cell  and  have  zero  frequency. 
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The  remaining  twenty  one  vibrations  form  the  represen¬ 
tation  5A-^  +  6A2  +  5B^  +  51*2  but  since  the  modes  are 
infrared  inactive  only  fifteen  vibrations  are  expected 
to  absorb  in  the  far  infrared  region. 

The  single  chain  approximation  is,  however, 
useful  to  help  one  to  visualize  the  zero-wave-vector 
lattice  vibrations  of  the  crystal  and  to  estimate  their 
frequencies.  Figure  9  shows  the  twelve  zero-wave- vector 
symmetry  coordinates  of  a  single  chain  which  are  based 
on  translational  and  rotational  motions  of  the  molecule. 
The  dotted  lines  enclose  the  molecules  within  one  unit 
cell  and  the  dot-dashed  line  shows  the  diagonal  glide 
plane  which,  apart  from  the  identity,  is  the  sole 
symmetry  element  of  the  chain.  This  glide  plane  lies 
in  the  crystal’s  be  plane,  and  the  dot-dashed  line  in 
Figure  9  lies  along  the  crystal’s  b  +  c  direction.  The 
translational  displacements  are,  for  brevity,  termed 
x,  y  and  z  displacements  and  correspond  to  displacements 
in  the  crystal's  b  +  c,  a  and  b  -  c  directions.  The 
rotational  displacements  are  about  the  inertial  axes 
of  the  monomer  and  are  termed  rotations  about  m,  n  and 
z.  The  symmetry  coordinates  for  the  full  unit  cell  are 
derived  from  those  of  a  single  chain  simply  by  con¬ 
sidering  the  2 1  screw  axis  symmetry  operation.  If  the 


« 
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displacements  having  A’  symmetry  in  each  chain  may  be 
reproduced  in  the  other  by  application  of  the  screw  axis 
operator,  then  the  symmetry  coordinate  produced  has 
symmetry  in  the  full  unit  cell.  If  the  displacements 
so  produced  have  opposite  sign,  then  the  symmetry  co¬ 
ordinate  produced  has  B-^  symmetry.  Similarly  displace¬ 
ments  having  A”  symmetry  in  each  chain  produce  A^  and 
B2  symmetry  coordinates,  respectively. 

In  Table  12  the  symmetry  coordinates  of  the 
unit  cell  are  listed  in  the  order  in  which  the  symmetry 
coordinates  of  a  single  chain,  on  which  they  are  based, 
are  illustrated  in  Figure  9.  Each  one  is  described  in 
terms  of  the  displacements  which  are  expected  to  deter¬ 
mine  its  frequency,  and  consequently  a  crude  estimate 
is  made  of  the  expected  vibrational  frequencies.  As  a 
guideline  for  making  these  estimates,  hydrogen-bond 
stretching  modes  were  assumed  to  occur  near  200  cm  1 , 
mixed  hydrogen  bond  bending  and  stretching  modes  were 
assumed  to  occur  between  100  and  200  cm  1 ,  hydrogen 
bond  bending  modes  were  assumed  to  occur  between  50 
and  100  cm"1  and  interchain  vibrations,  involving  move¬ 
ment  of  one  chain  with  respect  to  the  other  in  the  unit 
cell,  were  assumed  to  occur  between  about  30  and  70  cm  1 

One  can  extend  the  descriptions  and  frequency 


* 
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Symmetry  coordinates  of  acetic  acid 


95 


i 

£ 


G3 

CJ 

0 

v — ' 

O 

o 

o 

o 

LO 

LO 

LO 

LO 

4-> 

LO 

LO 

LO 

LO 

CM 

CM 

CM 

CM 

nj 

+  1 

+1 

+  1 

+1 

+1 

+1 

+1 

+1 

o 

o 

o 

o 

£ 

u 

o 

o 

o 

o 

LO 

LO 

LO 

LO 

r-- 

•rH 

G 

LO 

LO 

LO 

LO 

V 

V 

p 

0 

rH 

rH 

rH 

X 

C/3 

3 

w 

CT4 

0 

G 

u 

X 

P 

to 

to 

G 

G 

rd 

U 

X 

X 

o 

o 

G 

G 

u 

U 

X 

X 

0 

0 

p 

p 

03 

G 

XI 

X 

0 

0 

G 

G 

X 

X 

OTT 

u!T 

P 

P 

X 

X 

<n 

in 

0 

0 

G 

X 

u 

C/3 

C0 

U 

G 

U 

u 

uf 

lO" 

0 

0 

o 

P 

p 

p 

U 

u 

P 

•H 

0 

0 

Td 

Id 

Id 

id 

id 

id 

•rH 

G 

G 

•H 

+-> 

G 

G 

G 

G 

G 

G 

C 

G 

G 

O 

O 

G 

PU 

P 

P 

0 

0 

0 

0 

0 

0 

3 

P 

P 

3 

•rH 

m 

w 

X 

X 

X 

X 

X 

X 

G 

P 

»- 

— 

P 

U 

id 

rd 

13 

Id 

id 

id 

id 

id 

O 

c/3 

in 

O 

C/3 

G 

G 

G 

G 

C 

G 

G 

G 

iX 

rH 

0 

O 

o 

O 

O 

O 

O 

O 

o 

G 

o3 

G 

G 

Q 

X) 

X 

X 

X 

X 

X 

X 

X 

O 

o3 

G 

O 

•H 

S 

•H 

G 

G 

G 

G 

G 

G 

G 

G 

P 

P 

0 

0 

0 

0 

0 

0 

0 

0 

03 

G 

G 

G 

bO 

bO 

bO 

to 

to 

to 

to 

to 

X 

0 

0 

X 

o 

o 

O 

o 

O 

o 

o 

o 

m 

od 

id 

m 

G 

G 

G 

G 

G 

G 

G 

G 

G 

G 

TJ 

13) 

Id 

Id 

id 

od 

id 

id 

o3 

c 

G 

G 

>> 

>N 

>> 

>N 

X 

>> 

G 

G 

G 

G 

X 

X 

X 

X 

X 

X 

X 

X 

H 

> 

> 

E- 

0 

P 

0  G 

f - \ 

/ — \ 

/ — s 

f - N 

r — \ 

x  G  G 

- 

box  x 

< 

< 

< 

< 

< 

G  GG 

V> - > 

v — / 

V — y 

V* - ' 

v — / 

•H  X  G 

rH 

t-H 

CM 

CM 

to 

CO  CJ  O 

O 

U 

CO 

CO 

CO 

CO 

CO 

< 

X 

C - \ 

r — \ 

•• 

< 

LO 

CO 

< 

< 

< 

1 

< 

< 

+ 

v^-/ 

v — ' 

v — ' 

/ — \ 

V ' 

v — ' 

/ — \ 

to 

G" 

LO 

X 

co 

CO 

CO 

< 

co 

CO 

< 

LO 

CO 

X 

CO 

>> 

G 

P  5-. 

<L>  <D  > 

£  '•d  cm 

£  G  CJ 
^  3 
CO 


CM 


0 

rH 

x 

G 

H 


0 

+-> 

G 

G 

•rH 

T3 

G 

O 

o 

u 


r-H  (M  CO  ^  LO  VO  r  00  03 


o 


(Table  continued) 


• 

Table  12  continued 


96 


i 


£ 

nd  O 


0 

' — ' 

O 

o 

O 

O 

LO 

LO 

LO 

LO 

LO 

LO 

+-> 

LO 

LO 

LO 

LO 

04 

CXI 

(X) 

<XJ 

CM 

(XJ 

o 

P 

>> 

+  1 

+1 

+1 

+1 

+1 

+1 

+  1 

+1 

+1 

+1 

£ 

u 

o 

o 

o 

O 

LO 

LO 

LO 

LO 

LO 

LO 

V 

•  H 

p 

LO 

LO 

LO 

LO 

f'- 

t"- 

b- 

X 

0 

rH 

rH 

rH 

rH 

to  id 
w  cr 
0 
P 
P-. 


o 


p 


nd 

nd 

nd 

nd 

P 

P 

P 

P 

0 

0 

0 

0 

rD 

X 

Wl 

ad 

tC 

ad 

ad 

X 

X 

X 

X 

to 

P 

o 

u 

U 

u 

0 

o 

X 

X 

X 

4-> 

(J 

•rH 

0 

0 

0 

0 

nd 

nd 

id 

nd 

nd 

nd 

P 

X 

p  • 

Pi 

p 

P 

P 

P 

Pi 

P 

P 

P 

o 

Pu 

X 

4-> 

X 

X 

0 

0 

0 

0 

0 

0 

Mh 

•H 

10 

(O 

to 

to 

X 

X 

X 

X 

X 

X 

p 

»• 

u 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

to 

w 

P 

P 

a 

P 

p 

P 

P 

P 

P 

P 

rH 

0 

O 

O 

o 

o 

o 

O 

O 

o 

o 

o 

P 

Q 

X 

X) 

X 

X 

X 

X 

X 

X 

X 

X 

Ctj 

*2 

P 

P! 

P 

P! 

p 

p 

p 

p 

p 

p 

»— ■* 

0 

0 

0 

0 

0 

0  . 

0 

0 

0 

0 

P 

bO 

bo 

bO 

bO 

bo 

bO 

bO 

bO 

bo 

bO 

0 

O 

O 

O 

o 

O 

O 

o 

O 

o 

o 

nd 

* 

P 

P 

P 

p 

P 

P 

p 

P 

P 

p 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

nd 

P 

X 

X 

i>s 

X 

P 

X 

X 

X 

X 

X 

X 

X 

X 

X 

> 

0 

/ — \ 

/ — \ 

/ — \ 

/ — s 

r — \ 

X 

/ - \ 

/ — \ 

r — \ 

/ — \ 

/• - N 

•- 

0 

p 

— 

< 

< 

< 

< 

< 

< 

rH  P 

p 

< 

< 

< 

< 

< 

< 

v _ ✓ 

v — ' 

v — ' 

V _ / 

v — J 

v _ J 

bo  »H 

•H 

v — ' 

v«— ' 

v — ' 

V _ / 

o 

o 

rH 

(NJ 

(XI 

P  P 

nd 

CO 

00 

cr> 

cn 

rH 

rH 

rH 

rH 

rH 

X 

•H  4W 

P 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO 

CO  u 

o 

o 

CJ 

X 

P 

+->  P 
0  0  > 

g  Tj  (XI  NNNNNNNNNNNN 

g  p  CJ  <CQ<W<W<W<W<W 

X  3 

co 


0 

+-> 

P 

P 


•H 

nd 

P 

O 

O 

u 


O  rH  CSJ 

(xj  (XI  (M 


to  m- 

txi  <nj 


Translation  of  unit  cell  along 


97 


estimates  given  in  Table  12  somewhat,  in  the  following 
way.  S-^  to  are  expected  to  interact  to  yield  two 
normal  vibrations,  of  symmetry  +  B-^,  near  to  200  cm"1 
and  two,  of  symmetry  A  ^  +  B^,  near  to,  but  probably 
above,  100  cm  and  are  expected  to  interact 

to  yield  one  vibration  near  to  200  cm  1  and  one  near 
to  100  cm  1 .  Further  Sg,  S^,  S^,  and  S?g  are  expected 
to  have  higher  frequencies  than  S^,  Sg  and  S ^ •  Thus  a 
very  approximate  prediction  is  that  three  vibrations 
absorb  near  to  200  cm  1 ,  three  absorb  near  to  but  above 
100  cm  1 ,  four  absorb  near  to  but  below  100  cm  1 ,  three 
absorb  near  to  70  cm  1  and  two  absorb  between  30  and 
70  cm  1 . 

5B.  Far  Infrared  Spectra  Obtained 

Far  infrared  spectra  of  acetic  acid  I,  acetic 
acid  II  and  propionic  acid  at  about  -180°C  (93°K)  were 
obtained  between  360  and  about  20  cm  1  using  the  methods 
described  in  Section  2E.  The  spectra  are  presented  in 
Figures  10  to  12,  and  the  frequencies  of  the  observed 
features  are  given  in  Table  13. 

The  spectrum  of  acetic  acid  I  shown  in  Figure  10 
was  obtained  in  two  sections.  The  spectrum  from  350  to 
70  cm-1  was  obtained  as  the  average  of  twelve  spectra 
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of  three  different  samples  and  the  spectrum  from  100  to 
20  cm  is  the  average  of  10  spectra  of  three  samples. 
Both  curves  have  been  smoothed  to  remove  non-reproducible 
features  which  had  an  order  of  magnitude  similar  to  that 
of  the  width  of  the  line  used  to  draw  the  curves.  The 
two  sections  of  the  spectrum  obtained  in  this  w ay  matched 
perfectly  in  the  overlap  region  so  they  have  been  drawn 
as  a  continuous  line  in  Figure  10. 

The  main  uncertainty  in  the  spectrum  is  that  it 
is  possible  that  the  absorption  between  180  and  220 
cm  1  should  be  slightly  more  intense  and,  therefore, 
the  feature  in  this  region  should  appear  less  flat- 
topped  than  it  does.  Further,  other  features  of  com¬ 
parable  magnitude  to  the  peak  at  43  cm  1  appeared  near 
to  it  in  some  of  the  averaged  spectra  obtained,  but  the 
43  cm  1  feature  was  the  only  reproducible  one  and, 
therefore,  is  believed  to  be  the  only  real  feature  in 
that  region.  The  spectrum  reported  is  consistent  with 
those  reported  previously,  apart  from  small  frequency 
and  relative  intensity  differences,  but  shows  sig¬ 
nificantly  more  detail,  partly  because  of  the  greater 
continuous  frequency  range.  The  features  at  341,  230 
and  183  cm"1  have  not  been  reported  before,  although 
a  suggestion  of  the  latter  shoulder  is  visible  in 
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Stanevich's  spectra  (51).  The  doublet  feature  at 
130/116  cm  ^  was  previously  reported  as  a  single  peak 
(1)  and  the  previous  report  of  the  peak  at  43  cm  ^  in¬ 
dicated  that  its  intensity  relative  to  that  of  the  peak 
at  83  cm  1  was  much  greater  (51)  than  that  found  in 
this  work. 

The  higher- frequency  part  of  the  spectrum  of 
acetic  acid  II  shown  in  Figure  11  is  the  average  of 
thirteen  spectra  of  three  samples  while  the  lower- 
frequency  part  is  the  average  of  seventeen  spectra  of 
five  samples  which  were  more  strongly  absorbing  than 
those  used  for  the  higher  frequencies.  Both  parts  of 
the  spectrum  have  been  smoothed  to  remove  non-re¬ 
producible  features  whose  magnitude  was  of  the  order 
of  the  width  of  the  line  used  to  draw  the  curves.  The 
only  uncertainty  in  the  spectrum  lies  in  the  broad  weak 
feature  near  40  cm"  ^  which  showed  significant  variation 
in  its  relative  intensity  and  therefore,  may  not  be 
real . 

The  spectrum  of  propionic  acid  is  shown  in 
Figure  12.  The  upper  spectrum  between  110  and  350  cm  ^ 
is  the  average  of  fifteen  spectra  of  four  samples  while 
the  spectrum  between  140  and  20  cm  1  is  the  average  of 
nine  spectra  of  three  samples  and  has  been  lowered  by 


. 
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0.05  units  for  clarity.  Both  curves  have  been  smoothed 
to  eliminate  non-reproducible  features  of  the  order  of 
magnitude  of  the  width  of  the  line  used. 

The  number  of  features  present  below  60  cm  1  is 
somewhat  uncertain.  The  peak  shown  at  34  cm  1  was  re¬ 
producible  in  all  spectra,  while  other  features  which 
were  of  comparable  size  on  this  average  spectrum  were 
not  present  on  other  averages  and  have,  therefore,  been 
removed  from  the  spectrum  shown.  Similarly  the  shoulders 
at  225  and  170  cm  1  are  believed  to  be  real,  but,  because 
they  are  so  weak,  they  could  be  spurious.  There  is  also 

some  uncertainty  in  the  position  of  zero  absorbance  for 

_  \ 

these  two  curves  because  the  peak  at  124.5  cm  is 
stronger  relative  to  the  background  absorption  in  the 
lower-frequency  curve  than  in  the  higher- frequency  curve 
whereas  the  background  absorption  is  greater  in  the 
higher- frequency  curve.  Therefore  it  seems  probable  that 
the  nearly  flat  background  absorption  should  be  much 
nearer  to  zero  absorbance  than  is  shown  in  Figure  12. 

The  lower  curve  between  110  and  350  cm  1  is  the 
smoothed  average  of  three  spectra  of  a  weakly  absorbing 
sample.  It  is  included  to  show  that  the  peak  at  323  cm  1 
is  significantly  more  intense  relative  to  the  one  at 
177  cm'1  than  is  apparent  from  the  spectrum  with  higher 
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absorbance . 

The  propionic  acid  spectrum  obtained  here  is 
similar  to  those  reported  previously  (51,69,70)  apart 
from  small  frequency  differences,  but  shows  more  detail. 
Thus  the  doublet  absorption  at  85  and  73  cm"1  has 
previously  been  reported  as  a  single  peak  at  77  -  78  cm  1 
(51,69,70)  and  the  features  at  111,  170  and  225  cm"1 
have  not  been  reported  previously.  A  peak  at  230  cm  1 
was  reported  to  have  varying  relative  intensity  and  was 
thought  to  be  due  to  ice  (69,70).  However,  spectra  of 
the  mulling  agent,  propane,  were  obtained  using  identical 
techniques  to  those  used  for  the  spectra  of  the  acids 
mulled  in  propane,  and  showed  no  sign  of  absorption  by 
ice.  Thus,  it  is  believed  that  the  weak  absorption  at 
230  cm  1  and  the  shoulder  at  225  cm  1  are  due  to  propionic 
acid. 

5C.  Discussion  of  the  spectra 

It  is  clear  from  a  comparison  of  the  spectrum  of 
acetic  acid  I  (Figure  10)  with  the  approximate  predic¬ 
tions  made  in  Section  5A  that  an  unambiguous  assignment 
of  the  spectrum  is  impossible  at  the  present  time,  but 
that  vibrations  are  expected  in  all  regions  where  sig¬ 
nificant  absorption  is  observed.  It  is  fairly  certain 
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that  the  peaks  near  200,  125,  83  and  43  cm  ^  arise  from 
vibrations  which  involve  hydrogen  bond  stretching,  a 
mixture  of  hydrogen  bond  stretching  and  bending,  hydrogen 
bond  bending  and  interchain  displacements,  respectively. 

A  more  detailed  assignment  must  awrait  the  results  of 
infrared  or  Raman  studies  on  single  crystals  of  acetic 
acid  I  which  can  unambiguously  characterize  the  symmetry 
of  the  vibration  causing  a  peak. 

A  striking  feature  of  the  acetic  acid  I  spectrum 
that  has  not  been  reported  previously  is  the  breadth  of 
the  absorption  centered  at  197  cm  Its  width  at  half 

the  peak  intensity  is  about  70  cm  compared  to  the 
~5  cm  ^  half-width  which  is  expected  for  peaks  due  to 
intermolecular  vibrations  in  ordered  crystals  and  which 
is  found  in  the  spectra  of  the  ordered  forms  of  ice  (97) . 
Similar  very  broad  features  have  been  observed  in  the 
far  infrared  spectra  of  the  disordered  forms  of  ice 
(97-100)  and  the  clathrate  hydrates  (101,102),  and  have 
been  interpreted  as  being  due  to  the  disorder  which 
results  from  the  two  possible  positions  which  the  hydrogen 
atom  may  occupy  in  the  hydrogen  bond  (98,103).  The  only 
significant  disorder  of  this  type  that  can  be  envisaged 
in  the  acetic  acid  I  structure  is  the  possibility  that 
there  is  no  correlation  between  the  positions  of  the 
hydrogen-bonded  hydrogen  atoms  in  different  chains.  Such 


' 
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disorder,  however,  should  have  been  detected  in  the 
neutron  diffraction  study  (27)  ,  and  in  the  X-ray  study 
(18,19)  because  it  involves  the  interchange  of  C=0  and 
C-0  bonds.  It  must  be  concluded  therefore,  that  acetic 
acid  I  is  not  significantly  disordered  in  this  way, 
although  the  diffraction  studies  would  probably  not  have 
detected  disorder  in  about  5%  of  the  chains  (104) . 

It  is  probable,  therefore,  that  the  extremely 
broad  band  in  the  spectrum  of  acetic  acid  I  is  not  due 
to  disorder.  A  source  of  breadth  of  absorption  by  ordered 
solids  is  the  overlapping  of  bands  due  to  several  zero- 
wave-vector  vibrations.  It  was  shown,  however,  in  Section 
5A  that  only  4  such  vibrations  are  expected  between  150 
and  200  cm  \  so  the  broad  band  in  the  spectrum  of  acetic 
acid  I  can  not  be  due  to  this  cause  and  its  origin  must 
remain  unknown  until  further  evidence  is  available. 

The  assignment  of  the  spectrum  of  propionic  acid 
(Figure  12)  is  now  considered  with  the  help  of  Tables  5 
and  6  (Section  ID).  Again  it  is  not  possible  to  make  an 
unambiguous  assignment  from  the  data  available.  The 
doublet  at  73/85  cm  ^  may  be  due  to  the  two  active  com¬ 
ponents  of  (Table  5)  or  may  be  due  to  one  or  both 
components  of  and  because  the  40  cm  *  frequency 

assigned  by  Stanevich  (51)  to  seems  very  low  for  this 
vibration.  The  absorption  at  34  cm  *  is  assigned  to  one 
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of  the  three  active  translational  vibrations  of  the  dimers. 


-1 


The  features  at  177  and  170  cm  ^  can  be  assigned  to  the 
two  components  of  and  the  peaks  at  323  and  124.5  cm 

are  assigned  to  intramonomer  modes  following  Jakobsen 
et .  al .  (69)  and  Mikawa  et .  al .  (70),  (Table  6).  The 

assignment  of  the  remaining  four  weak  features  at  290, 

230,  225  and  111  cm  *  is  less  clear.  The  only  one  whose 
frequency  is  near  to  that  expected  for  an  unassigned  fun¬ 
dament  transition  is  at  111  cm  ^  and  it  is  extremely  weak. 
All  four  features  can  be  assigned  to  combination  tran¬ 
sitions,  and  until  more  evidence  is  available  further 
speculation  is  pointless. 

Since  the  assignments  of  the  spectra  of  acetic 
acid  I  and  propionic  acid,  whose  crystal  structures  are 
known,  are  limited;  it  seems  clear  that  a  detailed  assign¬ 
ment  of  the  spectrum  of  acetic  acid  II  is  impossible. 
However,  it  can  definitely  be  concluded  that  acetic  acid 
II  consists  of  hydrogen  bonded  monomers  because  of  the 
high  frequencies  at  which  the  inter-monomer  vibrations 
occur.  One  can  also  attempt  to  deduce  whether  acetic 
acid  II  consists  of  polymeric  chains  or  dimers  from  a 
comparison  of  its  spectrum  with  those  of  acetic  acid  I 
and  propionic  acid.  The  peaks  at  124.5  and  323  cm  ^ 
in  the  spectrum  of  propionic  acid  must  be  excluded  from 
the  comparison  because  they  are  due  to  the  ethyl  group. 
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It  can  be  observed  that  the  long-chain  structure  of 
acetic  acid  I  yields  an  extremely  broad  absorption  near 
200  cm  ^  which  is  continuous  with  weak  absorptions  near 
125  cm  \  while  the  dimeric  structure  of  propionic  acid 
yields  much  sharper  absorption  lines  which  are  distinct 
from  each  other.  A  further  observation  is  that  the 
hydrogen  bond  stretching  vibrations  absorb  near  180  cm  ^ 
in  the  dimeric  structure  while  the  absorption  maximum 
due  to  hydrogen  bond  stretching  modes  in  the  long-chain 
structure  is  near  200  cm  ^ .  The  reasons  for  these  dif¬ 
ferences  are  unknown  and  hence  one  can  not  be  sure  that 
they  are  a  reliable  way  of  distinguishing  between  the 
two  structures.  Nevertheless,  the  spectrum  of  acetic 
acid  II  is  very  similar  to  that  of  acetic  acid  I  and, 
from  the  evidence  available  at  present,  it  can  be  con¬ 
cluded  that  acetic  acid  II  probably  consists  of  hydrogen- 
bonded  chains  of  acetic  acid  molecules.  The  molecular 
volume  of  acetic  acid  II  is  smaller  than  that  of  acetic 
acid  I  and  it  is  probable  that  the  main  difference  between 
the  two  structures  is  a  closer  packing  of  the  chains  in 
acetic  acid  II  than  in  acetic  acid  I. 

5D.  Summary  and  Conclusions 

(1)  the  pressure- temperature  phase  diagram  of 
acetic  acid  has  been  measured  volumetr ical ly  between 


0 
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and  -40°C  to  3  Kbar.  The  acetic  acid  I  II  phase  tran- 
sition  involves  a  0.014  cm  /g  decrease  in  volume.  Acetic 
acid  II  cannot  be  formed  from  acetic  acid  I  below  about 
800  bar,  even  though  it  appears  to  be  the  stable  phase 
at  one  atmosphere  below  about  -60°C.  Once  formed, 
though,  acetic  acid  II  is  metastable  at  one  atmosphere 
below  about  -35°C. 

(2)  The  X-ray  diffraction  pattern  of  powdered 
acetic  acid  II  has  been  obtained  and  indexed  on  a  mono- 

.  o 

clinic  cell  with  the  dimensions:  a  =  13.30  -  0.02  A, 
b  =  10.39  t  0.01  A,  c  =  8.59  t  0.01  A,  and  3  =  86.1  t  0.3° 
at  100°K  and  atmospheric  pressure.  If  the  unit  cell 

3 

contains  16  molecules,  the  molar  volume  is  44.6  cm  /mole, 
1.5%  smaller  than  that  of  acetic  acid  I,  which  is  in 
agreement  with  the  results  from  the  phase  diagram  work. 

(3)  The  far  infrared  spectrum  of  acetic  acid  II 
has  been  obtained  and  compared  to  those  of  acetic  acid  I 
and  propionic  acid.  It  has  been  argued  that  acetic  acid 
II  probably  consists  of  hydrogen-bonded  chains  of  monomers 
which  are  packed  in  a  more  efficient  way  than  in  acetic 


acid  I . 
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